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INTRODUCTION 


The  subject  of  the  proposed  studies  is  the  poor  performance  of  androgen  deprivation 
therapy  for  advanced  prostate  cancer  (CaP).  The  purpose  of  the  proposed  studies  is  to  identify  and 
then  target  one  gene  or  a  small  number  of  genes  critical  for  the  development  of  recurrent  growth  of 
CaP.  In  order  to  accomplish  this  goal,  we  used  the  human  CaP  xenograft,  CWR22.  CWR22  retains 
the  biological  characteristics  exhibited  by  most  human  CaP-  tumor  regression  after  castration  and 
tumor  recurrence  approximately  5  months  later  (recurrent  CWR22).  Differential  expression  analysis 
and  subtractive  hybridization  were  used  to  identify  transcripts  expressed  in  intact  mice  bearing 
CWR22  tumors  and  castrated  mice  bearing  recurrent  CWR22  tumors  but  not  in  regressed  tumors. 
Northern  and  western  analyses  were  used  to  confirm  temporal  association  with  tumor  growth  before 
and  after  castration.  Genes  identified  included  6  androgen-regulated  genes  [human  kallikrein  type  2 
(hK2),  Nkx3.1,  insulin-like  growth  factor  binding  protein-5  (IGFBP-5),  a-tubulin,  a-enolase  and 
thioredoxin-binding  protein  2  (TBP2)]  and  4  androgen-imregulated  genes  [tomoregulin,  a  novel 
EGF-like  molecule,  translation  elongation  factor-lot  (EF-la),  Mxil  and  an  unknown  gene]. 
Immunohistochemistry  was  used  to  recognize  small  foci  of  5-20  proliferating  cells  that  became 
apparent  on  day  120  after  castration.  These  foci  of  proliferating  cells  immunostained  for 
androgen  receptor  (AR)  and  increased  levels  of  prostate  specific  antigen  (PSA),  an  androgen 
receptor  regulated  gene  product.  The  appearance  of  proliferating  tumor  cells  that  expressed  AR 
and  PSA  120  days  after  castration  suggests  that  these  cells  represent  the  origin  of  recurrent  CaP. 
We  created  tissue  microarrays  of  CWR22  tumors  (intact,  recurrent  and  from  multiple  intervals 
after  castration)  that  were  immunostained  with  antibodies  against  tomoregulin,  EF-la  and 
thioredoxin  reductase- 1  (TR-1),  a  member  of  the  TBP2  gene  family.  All  3  genes  were  expressed 
on  day  120  after  castration,  intact  CWR22  and  recurrent  CWR22  but  not  in  regressed  tumors. 


BODY 


Aim  1)  Complete  the  identification  of  genes  that  are  associated  with  the  onset  of  cell 
proliferation  after  castration  in  the  CWR22  model 


Overview:  In  Aim  1,  the  expression  of  the  candidate  genes  will  be  correlated  temporally 
with  cell  proliferation  and  compared  directly  in  Ki-67+  and  Ki-67-  cells  at  the  precise  onset  of 
recurrent  proliferation  using  a  full  range  of  rmmunohistochemical  techniques  in  the  CWR22  tumor 
model. 

•  Characterize  the  expression  of  candidate  genes  identified  using  differential  expression 
analysis  and  subtractive  hybridization  in  the  CWR22  model  using  automated  image  analysis 
of  immunohistochemical  preparations  of  CWR22  tissue  microarrays  (months  1-12) 
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At  the  time  of  proposal  submission,  the  CWR22  tissue  micro  arrays  had  been 
immunostained  for  Ki-67,  tomoregulin,  EFla  and  thioredoxin  reductase- 1  (TR-1).  The 
manuscript  describing  our  work  that  formed  the  basis  for  the  proposal  included  these  genes  of 
interest  as  well  as  Mxi-1.  Since,  we  have  immunostained  the  tissue  microarrays  for  Nkx3.1, 
IGFBP-5,  a-tubulin,  non-neuronal  enolase  (NNE)  and  14-3-3t|.  We  are  in  the  process  of 
immuno staining  for  hk2,  CEA  and  ARA-70.  Since  image  analyzing  the  tissue  microarrays  takes 
so  long,  we  have  focused  upon  assessing  the  time-points  after  castration  that  represent  the  onset 
of  androgen-independent  growth  (days  90,  100,  110  and  120  after  castration)  and  the 
development  of  a  method  that  allows  direct  comparison  of  antigen  expression  in  of  proliferating 
versus  non-proliferating  cells. 

The  immunohistochemical  evaluation  of  genes  of  potential  interest  continues  as  described 
in  the  table  below.  The  table  describes  our  overall  progress  in  securing  antibodies,  completing 
immunohistochemical  staining  of  adjacent  sections  at  the  onset  of  cellular  proliferation  after 
castration,  visual  scoring  of  foci  of  proliferating  versus  non-proliferating  cells  in  adjacent 
sections,  dual  labeling  using  standard  (immunoperoxidase)  and  fluorescent  (anti-BrdU) 
immunohistochemistry  for  quantitative  image  analysis  of  individual  proliferating  versus  non¬ 
proliferating  cells  in  the  same  section.  Genes  of  interest  include  those  implicated  by  differential 
expression  analysis  or  subtractive  hybridization  described  in  the  grant  application  (Dl-10),  other 
genes  uncovered  by  subtractive  hybridization  (Ml-5)  or  differential  expression  analysis  (Gl)  but 
deemed  unlikely  to  be  significant  and  14-3-3q  that  appears  unlikely  to  be  significant.  14-3-3 
proteins  are  a  family  of  homo  or  heterodimeric  a-helical  proteins  that  interact  with  a  diverse 
number  of  target  proteins,  including  kinases,  phosphatases,  enzymes,  transcription  factors  and 
non-kinase  receptors  (Wakui,  1997;  Fu,  2000).  We  have  characterized  the  interaction  of  human 
AR  and  14-3-3T)  protein,  and  14-3-3rj  expression  and  location  in  human  CaP  and  CWR22 
xenograft  tumors.  Our  results  indicate  that  AR  is  a  target  protein  for  14-3-3r)  and  suggest  a 
possible  mechanism  for  cross-talk  with  intracellular  signaling  pathways  or  modification  of  AR 
function  in  recurrent  CaP. 


# 

Name 

Source 

Ab 

Visually 

Scored 

Correl¬ 

ation 

Dual 

Label 

Image 

Analysis 

D1 

hK2 

Mayo 

Mouse  MAb 

In  Progress 

D2 

Nkx3.1 

Santa  Cruz 

Goat  PAb 

Y 

Y 

Y 

Y 

D3 

IGFBP-5 

Santa  Cruz 

Goat  PAb 

Y 

Y 

D4 

alpha-tubulin 

ABCAM 

Rat  MAb 

Y 

Y 

D5 

NNE 

Accurate 

Chemical 

Rabbit  PAb 

Y 

N 

enolase  (a,  p  and  y) 

Santa  Cruz 

Goat  PAb 

-- 

- 

- 

D6 

TR-1 

Upstate 

Rabbit  PAb 

Y 

N 

D7 

Tomoregulin 

Sakamoto  Lab 

Mouse  MAb 

Y 

N 

D8 

EF-la 

Upstate 

Mouse  MAb 

In  Progress 

D9 

MXI-1 

BD  Pharmigen 

Mouse  MAb 

Y 

N 
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D10 

HSA36 

N/A 

- 

- 

1 

1 

- 

- 

T1 

14-3-3tj 

Santa  Cruz 

Goat  PAb 

Y 

N 

Adjacent  sections  immunostained  for  Ki-67  to  identify  foci  of  cellular  proliferation  and 
the  gene  product  of  interest  were  scored  visually.  Five  fields  of  view  containing  20  cells  were 
scored  for  proliferating  and  non-proliferating  areas  of  each  tumor  specimen.  Each  cell  was 
scored  from  0  (no  immunostaining)  to  3  (intense  immuno staining)  yielding  a  total  score  ranging 
from  0-300  for  each  tumor  area.  The  tumor  visual  scores  were  expressed  as  the  visual  score  out 
of  300  and  as  a  fraction  of  1  for  ease  of  comparison.  For  TR-1,  5  fields  of  views  (FOV) 
corresponding  to  regions  of  low  cellular  proliferation  were  not  available  for  scoring.  The 
complete  process  for  obtaining  a  visual  score  was  performed  twice  for  each  tumor.  The  visual 
scores  appeared  most  interesting  for  a-Tubulin,  IGFBP-5  and  Nkx3. 1  (bolded  in  table  below). 


DOD  Project  Visual  Scores 


Gene  Product 

CWR22  Tumor 
Evaluated 

Low  Proliferation 

High  Proliferation 

14-3-3ri 

120dCx 

H 

n 

EHZH 

223/300 

j 

0.74 

n 

a-Tubulin 

120dCx 

H 

MSM 

231/300 

H 

M 

249/300 

M 

IGFBP-5 

120dCx 

127/300 

i 

0.42 

181/300 

i 

0.60 

72/300 

i 

0.24 

i 

0.52 

Mxi-1 

120dCx 

H 

11131 

N 

H 

H 

Nkx3. 1 

120dCx 

110/300 

0.37 

H 

147/300 

JL_ 

0.49 

H 

NNE 

120dCx 

n 

EZEH 

H 

wxm 

El 

H 

mm 

TR-1 

120dCx 

139/300 

| 

0.46 

38/120 

j 

0.32 

83/300 

! 

28/120 

U 

0.23 

Tomoregulin 

105dCx 

52/300 

H 

203/300 

0.68 

H 

•  Confirm  the  association  of  candidate  genes  with  the  onset  of  androgen-independent 
proliferation  using  immunostaining  to  compare  expression  in  proliferating  (Ki-67  positive) 
versus  non-proliferating  (Ki-67  negative)  cells  in  CWR22  tumors  120  days  after  castration 
(months  1-12) 

Initial  evaluation  of  the  correlation  of  gene  product  expression  with  cellular  proliferation 
was  achieved  using  standard  immunohistochemical  techniques  to  label  serially  cut  sections  of 
formalin-fixed,  paraffin-embedded  CWR22  human  prostate  cancer  xenografts.  Immunodetection 
of  four  gene  products  (EF-la,  hk2,  Mxi-1  and  tomoregulin)  required  modifying  the  standard 
protocol  by  using  the  Vector  Mouse  on  Mouse  Kit.  Six-micrometer  sections  were 
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'  deparaffininzed  and  rehydrated  using  Hemo-De  and  graded  alcohols.  Immunodetection  of  gene 
products  and  Ki-67  (a  proliferation  marker)  was  performed  using  either  the  Protocol™ 
MicroProbe  staining  system  (a-tubulin,  14-3-3t],  hk2,  Nkx3.1  and  Ki-67)  (Fisher  Scientific)  or  a 
tape  transfer  protocol  (EF-la,  MXI-1,  a-enolase,  IGFBP-5,  tomoregulin  and  TR-1) 
(Instrumedics).  Antigens  were  retrieved  by  incubation  in  citrate  buffer  (pH  6.0;  Biocare  Medical) 
for  2  minutes  at  120°C  and  approximately  22  psi.  Endogenous  peroxidases  were  blocked  using 
3%  H2O2  followed  by  incubations  using  5%  normal  serum  and  an  avidin-biotin  blocking  reagent 
(Vector  Labs)  each  for  15  minutes  at  37°C.  Specimens  were  incubated  for  one  hour  at  37°C  with 
anti-human  primary  antibodies  created  against  the  gene  products  of  interest.  Tissues  were 
incubated  with  biotinylated  secondary  antibodies  (Vector  Labs)  followed  by  avidin-biotin 
complex  (Vector  Labs).  The  complex  was  visualized  using  3,  3’-diaminobenzidine  (DAB) 
(Vector  Labs).  Counterstaining  was  performed  using  hematoxylin  (Gill’s  formula;  Vector  Labs). 

In  order  to  make  direct  comparison  of  antigen  expression  in  proliferating  versus  non¬ 
proliferating  cells,  we  have  spent  7  years  evaluating  different  approaches.  Our  goal  was  an 
immuno staining  protocol  that  allows  for  the  dual  labeling  of  either  Ki-67  or  5-bromo-2- 
deoxyuridine  (BrdU)  (primary  label)  with  other  antibodies  of  interest  (second  label).  Each 
labeled  epitope  should  be  clearly  resolved  and  the  Ki-67  or  BrdU  label  must  not  interfere  with 
the  quantification  of  the  second  primary  of  interest  during  image  analysis.  The  limitations  we 
have  found  and  the  unsuccessful  approaches  include  the  following:  1)  Limited  availability  of 
antibodies  of  interest  in  terms  of  host  species  and  isotypes  (all  antibodies  of  interest  were  of  an 
IgG  isotype)  limits  pairing  with  the  mouse  anti  ki-67  IgG  or  the  sheep  anti  BrdU  IgG.  This 
introduces  the  potential  for  secondary  antibodies  to  recognize  more  than  one  primary  antibody.  A 
Ki-67  IgM  was  located  and  tried  but  produced  poor  results  in  paraffin  sections.  2)  The  need  for 
amplification  of  signal  in  paraffin-embedded  tissue  precludes  direct  labeling  methods.  Indirect 
labeling  along  with  amplification  steps  leads  to  the  potential  for  cross  reactivity.  3)  The  use  of 
adsorbed  secondary  antibodies  (in  this  case  adsorption  against  mouse  IgG  due  to  the  presence  of 
mouse  immunoglobulins  in  the  CRW22  human  prostate  cancer  xenografts)  usually  leads  to  poor 
signal  in  paraffin  sections  due  to  possible  loss  of  reactivity  to  certain  subclasses  of  IgG.  4)  Well- 
resolved  probes  are  often  not  possible  since  epitopes  may  be  co-localized  in  the  cell.  5)  The  use 
of  mouse  primary  antibodies  in  the  CWR22  model  necessitates  the  inclusion  of  a  Mouse  on 
Mouse  kit  (Vector  Labs). 

A  hybrid  peroxidase/fluorescent  dual  labeling  protocol  was  developed  in  order  to  derive 
robust  images  for  image  analysis.  Cell  proliferation  was  determined  using  a  fluorescent-labeled 
BrdU.  The  proliferating  cells  were  identified  using  fluorescence  that  did  not  interfere  with  image 
analysis  for  the  peroxidase-labeled  primary.  Our  method  is  demonstrated  for  simultaneous 
assessment  of  proliferation  and  Nkx3.1  expression  since  Nkx3.1  expression  proved  most 
interesting  when  scored  visually  (see  table  above). 

CWR22  specimens  were  BrdU-labeled  prior  to  castration  and  at  various  times  after 
castration  to  generate  the  biological  reagents  for  these  studies.  Methods  used  for  tumor  injection, 
propagation,  harvest  and  preservation  were  described  previously  (Gregory,  2001;  Wainstein, 
1994).  Briefly,  CWR22  tumors  were  transplanted  subcutaneously  into  4  to  5  week-old 
nude/athymic  mice  (Harlan  Sprague-Dawley)  as  a  suspension  of  1  million  cells  in  Matrigel™ 
(BD  Biosciences).  Two  days  prior  to  tumor  injection  a  testosterone  pellet  (12.5  mg  sustained- 
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release,  Innovative  Research  of  America)  was  placed  subcutaneously  to  maintain  an  approximate 
serum  testosterone  level  of  4  ng/ml.  Animals  were  anesthetized  with  methoxyflurane,  castrated 
and  testosterone  pellets  removed  when  tumors  reached  a  volume  of  1  cm3.  Four  hours  prior  to 
tumor  harvest,  the  mice  were  injected  intraperitoneally  with  a  lOmM  solution  of  BrdU  in  sterile 
phosphate-buffered  saline  (PBS).  Each  animal  was  injected  with  lmL  of  BrdU  solution  per  lOOg 
of  body  weight.  Subsequently,  mice  were  anesthetized  and  sacrificed  by  cervical  dislocation. 
Tumors  were  harvested  and  fixed  in  10%  buffered  formalin  for  24  to  48  hours.  Fixed  tumors 
were  washed  in  PBS  for  24  hours,  dehydrated  and  embedded  in  paraffin.  The  Institutional 
Animal  Care  and  Use  Committee  of  the  University  of  North  Carolina  at  Chapel  Hill  approved  all 
procedures  used. 


CWR22  Human  Prostate  Cancer  Xenografts  +  BrdU 

Animal  ID 

Days  after  Castration  (Cx) 

Harvest  Date 

BrdU 

02-119 

Intact 

1/27/2003 

4hr 

11-1 

Intact 

1/27/2003 

4hr 

02,114 

50  dCx 

2/5/2003 

4hr 

9-1 

90  d  Cx 

1/9/2003 

4hr 

9-4 

90  dCx 

1/9/2003 

4hr 

9-5 

90  dCx 

1/9/2003 

4hr 

9-6 

90  dCx 

1/9/2003 

4hr 

4 

100  dCx 

10/28/2002 

4hr 

8 

100  dCx 

10/28/2002 

4hr 

7 

100dCx 

10/28/2002 

4hr 

1  6 

110  dCx 

10/30/2002 

4hr 

10 

110  dCx 

10/30/2002 

4hr 

5 

120  dCx 

11/19/2002 

4hr 

9-3 

120  dCx 

2/19/2003 

4hr 

A 

Recurrent 

6/6/2002 

4hr 

B 

Recurrent 

6/6/2002 

4hr 

c 

Recurrent 

6/6/2002 

4hr 

D 

Recurrent 

6/6/2002 

4hr 

E 

Recurrent 

6/6/2002 

4hr 

Immunodetection  of  gene  products  was  the  same  as  the  peroxidase  method  described 
above  for  the  labeling  of  serial  sections.  In  addition,  a  second  antigen  retrieval  was  performed  on 
the  same  section  of  tissue  using  Nuclear  Decloaker  retrieval  buffer  (pH9.0;  Biocare  Medical)  for 
2  minutes  at  120°  C  and  approximately  22  psi.  Tissues  were  incubated  with  anti-BrdU  sheep  IgG 
(ABCAM)  followed  by  incubation  with  rhodamine-conjugated  donkey  anti-sheep  IgG  F(ab’)2 
fragments  that  had  been  absorbed  against  the  IgG  and  serum  of  rabbits,  mice  and  humans 
(Jackson  ImmunoResearch).  The  sections  were  mounted  using  either  Gel  Mount  aqueous 
mounting  medium  (Biomeda)  or  Vectashield  with  DAPI  (Vector  Labs). 

Immunoperoxidase  staining  revealed  Nkx3.1  expression  in  CWR22  on  day  120  after 
castration  (top  left).  Rhodamine  fluorescence  distinguished  proliferating  from  non-proliferating 
cells  (bottom  left).  The  RGB  model  was  used  to  generate  a  threshold  based  on  red  intensity  to 
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segment  BrdU-positive  regions  within  the  fluorescent  image.  Two  masks  were  generated  from 
this  segmentation-  one  masking  BrdU-positive  nuclei  (top  middle)  and  one  masking  everything 
other  than  BrdU-positive  nuclei  (bottom  middle).  These  masks  were  added  to  the  original 
immunoperoxidase  image  captured  using  light  microscopy  yielding  two  images-  one  exhibiting 
only  proliferating  nuclei  (bottom  right)  and  one  with  everything  except  proliferating  nuclei  (top 
right).  Image  analysis  using  ImagePro  4.5  will  be  modified  to  compare  quantitatively  Nkx3.1 
expression  in  proliferating  versus  non-proliferating  cells  (Kim,  1999). 


Brdll-Khotfavnine  Non-proliferating  Nuclei  Mask  Proliferating  Nuclei  IP 


Aim  2)  Correlate  the  expression  of  proliferation-associated  genes  identified  in  Aim  1  to  cell 
proliferation  using  clinical  specimens  of  androgen-stimulated  and  recurrent  CaP 
and  serial  prostate  biopsies  performed  before  and  after  castration  in  men  with 
advanced  CaP 

Overview:  The  expression  of  candidate  regulatory  genes  found  most  promising  in  Aim  1 
will  be  examined  for  over-expression  in  both  androgen-stimulated  CaP  (obtained  from  radical 
prostatectomy  specimens)  and  recurrent  CaP  (obtained  from  transurethral  resection  specimens  from 
men  with  urinary  retention  due  to  local  CaP  recurrence  long  after  androgen  deprivation  therapy). 
Over-expressed  genes  will  be  examined  in  18  series  of  prostate  biopsies  obtained  before  and  1, 4,  7 
and  every  6  months  after  castration  until  recurrence  in  men  with  advanced  CaP  to  identify  genes 
that  are  up-regulated  coincidental  with  the  onset  of  recurrent  proliferation. 
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•  Characterize  the  expression  of  proliferation-associated  genes  identified  in  the  CWR22  model 
in  clinical  specimens  of  50  androgen-dependent  and  25  androgen-independent  CaPs  using 
automated  image  analysis  of  immunohistochemical  preparations  of  tissue  microarrays 
(months  6- IE) 

The  necessary  antibodies  have  been  obtained  and  optimal  methods  for  immuno staining 
have  been  developed  for  10  gene  products  of  interest.  The  tissue  microarrays  are  ready  for 
immuno  staining  and  analysis. 

•  Determine  the  time  of  onset  of  proliferation  in  the  18  sets  of  serial  prostate  biopsies 
performed  before  and  after  castration  in  men  with  advanced  CaP  using  automated  image 
analysis  of  Ki-67-stained  tumor  specimens  (months  1-6) 

The  first  8  of  the  16  invaluable  sets  of  serial  prostate  biopsies  obtained  prior  to  and  after 
castration  for  advanced  prostate  cancer  have  been  sectioned  and  H&E  stained.  The  slides  are 
sub-optimal  in  terms  of  sectioning,  staining  quality  and  full  face  of  tissue  that  compromises 
ability  to  make  judgements  about  tumor  morphology  (and  possibly  if  tumor  is  even  present).  We 
will  use  the  Lineberger  Tissue  Core  to  embed  future  biopsies.  5  of  8  cases  have  cancer  in  the 
beginning  couple  and  the  end  couple  cores  that  show  a  reasonably  similar  morphology  across  all 
cores.  The  remaining  3  cases  either  have  no  cancer  in  all  of  the  cores  (2  cases)  or  only  in  the 
initial  cores  but  not  at  the  end  (1  case)  so  no  conclusions  can  be  drawn  about  those.  Androgen 
deprivation  effects  are  seen  to  varying  degrees  in  these  cases.  One  of  the  cancer  cases  shows 
hyperchromatic  and  somewhat  bizarre  nuclei.  Several  of  the  cases  show  basal  cell  hyperplasia, 
squamous  metaplasia  and  atrophy  of  benign  glands.  These  is  a  possibility  that  tumor  has  been 
missed  in  some  of  the  cases  later  in  the  tune  course  of  treatment  because  of  the  changes  that 
androgen  deprivation  therapy  produces  in  cancer  causing  it  to  be  more  easily  missed  in  cores. 
These  difficulties  were  discussed  with  Angelo  DeMarzo,  M.D.,  Ph.D.  We  will  use  racemase  and 
p63  immuno  staining  to  highlight  the  presence  of  malignant  pro  static  epithelial  cells  and  basal 
cells  in  an  attempt  to  enhance  our  ability  to  work  with  the  serial  prostate  biopsies  (Luo  2002; 
Rubin,  2002). 

•  Characterize  the  expression  of  the  proliferation-associated  genes  that  appear  promising  as 
initiators  of  recurrent  cell  proliferation  after  castration  in  preliminary  study  in  the  CWR22 
model  and  the  prostatectomy  specimens  in  the  18  sets  of  serial  prostate  biopsies  using 
automated  image  analysis  of  immunohistochemical  preparations  (months  6-18) 

Awaiting  progress  on  above  work. 

•  Confirm  the  association  of  candidate  genes  with  the  onset  of  recurrent  cell  proliferation  after 
castration  using  double  staining  to  compare  expression  in  proliferating  (Ki-67  positive) 
versus  non-proliferating  (Ki-67  negative)  cells  in  serial  prostate  biopsies  that  demonstrate  the 
onset  of  androgen-independent  growth  (months  12-24) 


Aim  3)  Determine  the  effect  of  altering  gene  expression  upon  cell  proliferation  in  vitro 
and  serum  PSA  and  tumor  growth  in  vivo 
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Overview:  The  expression  of  candidate  genes  from  Aim  2  will  be  manipulated  in  vitro 
using  antisense  probes  and  the  effect  upon  cell  proliferation  measured  using  the  androgen- 
sensitive  LNCaP  and  LAPC-4  cell  lines  and  CWR22  organ  culture  and  the  androgen- 
independent  cell  lines  C4-2  (derived  from  LNCaP)  and  CWR-RCaPl  (derived  from  CWR22). 
Expression  of  individual  genes  will  be  inhibited  in  vivo  to  test  for  effects  on  tumor  growth  and 
serum  PSA  when  antisense  oligonucleotides  are  injected  into  groups  of  12  mice  bearing  CWR22 
tumors  1 10  days  after  castration.  Effective  treatments  will  be  tested  more  rigorously  in  groups  of 
30  tumor-bearing  mice. 

•  Obtain  antisense  oligonucleotides  against  best  candidate  genes  from  Aims  1  and  2  for  use  in 
cell  lines  and  tumors  (months  12-24) 

•  Determine  the  optimal  dose  and  dosing  interval  for  each  antisense  oligonucleotide  and 
compare  their  effects  upon  cell  proliferation  using  the  androgen-sensitive  LNCaP  and  LAPC- 
4  cell  lines,  CWR22  organ  culture  and  androgen-independent  cell  lines  C4-2  (derived  from 
LNCaP)  and  CWR-R1  (derived  fromCWR22)  (months  18-30) 

•  Determine  the  optimal  dose  and  dosing  interval  of  antisense  oligonucleotides  delivered  by 
intraperitoneal  injection  and  their  effects  on  CWR22  tumor  cell  growth  when  delivered  110 
days  after  castration  (months  18-36) 

We  have  not  made  any  specific  progress  on  Aim  3  since  we  don’t  have  our  gene  targets 
identified  yet.  However,  we  have  made  progress  that  prepares  for  the  use  of  oligos  to  address 
Aim  3.  We  demonstrated  that  antisense  oligos  can  be  used  in  prostate  cancer  cell  lines  and  that 
they  can  be  delivered  in  the  nude  mouse  that  constitutes  the  CWR22  model.  Antisense  was  used 
in  vitro  to  shift  the  splicing  pattern  of  bcl-X  between  anti-apoptotic  long  and  pro-apoptotic  short 
forms  in  the  human  CaP  cell  line  PC3  (Mercante,  2002b).  bcl-X  antisense  was  used  to  shift  the 
splice  site  from  the  long  to  the  short  form  that  increased  the  sensitivity  of  PC3  cells  to  radiation 
and  chemotherapy.  This  approach  may  have  therapeutic  implications  since  we  demonstrated  that 
the  anti-apoptotic  long  form  is  over-expressed  in  CaP  compared  to  benign  prostate  in  frozen 
prostate  tissues  contained  in  our  liquid  nitrogen  freezer. 

The  most  often  stated  criticism  of  antisense  therapy  is  inability  to  deliver  antisense  in 
vivo.  We  offer  the  following  evidence  to  demonstrate  that  we  can  deliver  antisense  in  our 
CWR22  nude  mouse  model.  Ryzard  Kole  has  developed  a  transgenic  mouse  model  for  functional 
assay  of  antisense  activity  using  enhanced  green  fluorescent  protein  (EGFP).  Similar  to  the  bcl- 
X  experiment  using  PC3  cells,  a  mutation  was  created  that  produces  a  splice  variant  that 
abrogates  fluorescence  (Sazani,  2002;  Mercante,  2002a).  This  model  was  then  used  to  determine 
whether  antisense  treatment  would  work  in  vivo.  Antisense  treatment  restored  fluorescence  in  the 
heart,  kidney,  liver  and  lung  of  the  EGFP  654  nude  mouse.  The  blood  brain  barrier  blocked  the 
antisense  delivery  and  antisense  did  not  reach  the  skin.  This  creates  the  possibilities  that  our 
CWR22  xenografts,  which  are  implanted  subcutaneously,  may  not  receive  antisense.  This 
possibility  is  being  examined  currently  in  PC3  xenografts  grafted  into  nude  mice. 
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KEY  RESEARCH  ACCOMPLISHMENTS 


•  Identification  of  Nkx3.1,  a-tubulin  and  IGFBP-5  as  potential  targets  for  preventing  the 
development  of  CaP  recurrence. 

•  Developed  a  hybrid  immuno  staining  protocol  for  comparison  of  expression  of  antigens 
in  proliferating  versus  non-proliferating  cells. 


REPORTABLE  OUTCOMES 


Manuscripts: 

Mercatante  DR,  Mohler  JL,  Kole  R.  Cellular  response  to  an  antisense-mediated  shift  of  bcl-x 
pre-mRNA  splicing  and  antineoplastic  agents.  J  Biol  Chem  277:  49374-49382,  2002. 

Kim  D,  Gregory  CW,  French  FS,  Smith  GJ,  Mohler  JL:  Androgen  receptor  expression  and 
cellular  proliferation  during  transition  from  androgen-dependent  to  recurrent  growth  after 
castration  in  the  CWR22  prostate  cancer  xenograft.  Am  J  Pathol  160:219-226,  2002. 

Mohler  JL,  Morris  TL,  Ford  OH  HI,  Alvey  RF,  Sakamoto  C,  Gregory  CW.  Identification  of 
differentially  expressed  genes  associated  with  androgen-independent  growth  of  prostate  cancer. 
Prostate  5 1 :247-255, 2002. 

Tissue  repository: 

BrdU-labeled  CWR22  tumor  repository 
Training  supported  by  this  award: 

Mark  A.  Titus,  PhD,  post-doctoral  fellow 


CONCLUSIONS 


We  have  made  progress  in  the  first  year  of  this  award  to  identify  targets  for  antisense 
therapy  that  can  be  tested  in  in  vitro  in  CaP  cell  lines  and  in  vivo  in  the  CWR22  model.  The 
development  of  a  hybrid  immunostaining  protocol  for  comparison  of  expression  of  antigens  in 
proliferating  versus  non-proliferating  cells  has  proven  difficult.  We  next  must  modify  our  image 
analysis  algorithms  to  allow  quantitation.  This  effort  will  allow  a  more  objective  choice  of  gene 
target  for  in  vitro  and  in  vivo  studies  and  should  prove  worthwhile  the  delay  in  meeting  our 
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*  statement  of  work.  The  serial  prostate  biopsies  have  proven  less  informative  than  we  desire  but 
should  still  prove  invaluable  in  the  proposed  studies. 
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Overexpression  of  Bcl-xL,  an  anti-apoptotic  member 
of  the  Bcl-2  family,  negatively  correlates  with  the  sensi¬ 
tivity  of  various  cancers  to  chemotherapeutic  agents. 
We  show  here  that  high  levels  of  expression  of  Bcl-xL 
promoted  apoptosis  of  cells  treated  with  an  antisense 
oligonucleotide  (5'Bcl-x  AS)  that  shifts  the  splicing  pat¬ 
tern  of  Bcl-x  pre-mRNA  from  the  anti-apoptotic  variant, 
Bcl-xL,  to  the  pro-apoptotic  variant,  Bcl-xS.  This  sur¬ 
prising  finding  illustrates  the  advantage  of  antisense- 
induced  modulation  of  alternative  splicing  versus  down- 
regulation  of  targeted  genes.  It  also  suggests  a 
specificity  of  the  oligonucleotide  effects  since  non-can- 
cerous  cells  with  low  levels  of  Bcl-xL  should  resist  the 
treatment.  5 'Bcl-x  AS  sensitized  cells  to  several  antine¬ 
oplastic  agents  and  radiation  and  was  effective  in  pro¬ 
moting  apoptosis  of  MCF-7/ADR  cells,  a  breast  cancer 
cell  line  resistant  to  doxorubicin  via  overexpression  of 
the  mdrl  gene.  Efficacy  of  5 'Bcl-x  AS  combined  with 
chemotherapeutic  agents  in  the  PC3  prostate  cancer  cell 
line  may  be  translated  to  clinical  prostate  cancer  since 
recurrent  prostate  cancer  tissue  samples  expressed 
higher  levels  of  Bcl-xL  than  benign  prostate  tissue. 
Treatment  with  5 'Bcl-x  AS  may  enhance  the  efficacy  of 
standard  anti-cancer  regimens  and  should  be  explored, 
especially  in  recurrent  prostate  cancer. 


Cancers  not  completely  eradicated  by  surgery  or  radiation 
(localized  therapy)  may  escape  control  by  chemotherapy  (sys¬ 
temic  therapy)  because  some  cancer  cells,  especially  those  re¬ 
sistant  to  apoptosis,  survive  treatment  (1,  2).  For  example, 
prostate  cancer  that  recurs  after  potentially  curative  therapy, 
or  that  presents  in  an  advanced  stage,  is  palliated  with  andro¬ 
gen-deprivation  therapy.  Within  several  years  most  recur  as 
androgen-independent,  metastatic  disease  that  leads  to  death. 
Recently,  chemotherapy  regimens  have  been  developed  that 
allow  palliation  in  most  patients.  While  such  treatments  may 
lead  to  re-remissions  of  1  year  or  more,  they  have  not  proven  to 
increase  survival  (3-5). 

Chemotherapeutic  resistance  usually  arises  due  to  overex¬ 
pression  of  anti-apoptotic  proteins  such  as  Bcl-2  and  Bcl-xL  (2, 
6-8).  Bcl-2  is  regarded  as  one  of  the  most  important  proteins 
protecting  cancer  cells  from  apoptosis  and,  to  date,  may  be  the 
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most  highly  studied  member  of  the  Bcl-2  family.  However,  in 
an  examination  of  60  different  cell  lines  from  the  National 
Cancer  Institute,  Bcl-xL  was  shown  to  provide  equivalent  or 
greater  protection  against  cytotoxic  agents  than  Bcl-2.  Higher 
levels  of  Bcl-xL  correlated  with  decreased  cellular  sensitivity 
toward  a  variety  of  chemotherapeutic  reagents;  there  was  no 
such  correlation  for  Bcl-2  (6).  Other  studies  have  shown  that 
high  levels  of  Bcl-xL  contributed  to  increased  risk  of  metastasis 
in  breast  cancer  (9)  and  protected  cancer  cells  from  chemother¬ 
apeutic  agents  (10, 11).  In  addition,  cancer  cells  were  sensitized 
to  various  apoptosis-inducing  agents  if  Bcl-xL  levels  were 
decreased  (12,  13). 

Bcl-xL  and  Bcl-xS  are  splice  variants  produced  by  alterna¬ 
tive  splicing  of  Bcl-x  pre-mRNA  (14).  While  Bcl-xL  is  anti- 
apoptotic,  Bcl-xS  has  been  shown  to  induce  cell  death  (15,  16) 
and  sensitize  cancer  cells  to  chemotherapeutic  agents  (17-20). 
Bcl-xS  inhibits  the  anti-apoptotic  effects  of  Bcl-xL  and  Bcl-2, 
possibly  by  forming  heteroduplexes  with  these  proteins  (21) 
and/or  by  acting  as  a  dominant  negative  gene  product  (22). 
Decreasing  Bcl-xL  and  increasing  Bcl-xS  levels  may  initiate 
pro-apoptotic  events  through  various  cellular  mechanisms 
that,  alone  or  in  synergy  with  the  action  of  antineoplastic 
agents,  lead  to  cell  death. 

We  have  shown  previously  that  a  2'-0-methyl-oligoribo- 
nucleoside  phosphorothioate  (5'Bcl-x  AS)1  targeted  to  the 
downstream  alternative  5 '-splice  site  in  exon  2  of  Bcl-x 
pre-mRNA  shifted  splicing  from  the  Bcl-xL  to  Bcl-xS  splice 
variants;  this  treatment  decreased  the  levels  of  Bcl-xL  and 
increased  the  levels  of  Bcl-xS  proteins  (23).  The  shift  in  splicing 
induced  cell  death  in  oligonucleotide-treated  PC3  prostate  can¬ 
cer  cells  and  to  a  lesser  extent  in  MCF-7  breast  cancer  cells.  In 
A549  lung  epithelial  cells,  a  similar  treatment  alone  was  inef¬ 
fective;  cell  death  resulted  only  from  co-administration  of  radi¬ 
ation  or  cisplatin  (24).  These  findings  prompted  us  to  investi¬ 
gate  the  differences  in  cellular  responses  as  a  result  of 
oligonucleotide-induced  modification  of  Bcl-x  pre-mRNA  splic¬ 
ing.  We  found  that  the  endogenous  level  of  Bcl-x  is  the  main 
factor  that  determines  the  extent  of  cell  death  induced  by 
5'Bcl-x  AS.  Treatment  of  PC 3  and  MCF-7  cells  (two  cell  lines 
that  express  different  levels  of  Bcl-xL)  with  5'Bcl-x  AS  sensi¬ 
tized  both  cell  lines  to  various  chemotherapeutic  agents  and 
radiation  and  increased  cell  death  at  lower  doses  of  these 
agents.  Finally,  prostate  cancer  expressed  higher  levels  of 
Bcl-xL  protein  than  benign  prostate.  These  results  suggest  that 


1  The  abbreviations  used  are:  5'Bcl-x  AS,  antisense  oligonucleotide 
targeted  to  the  downstream  alternative  5'-splice  site  of  Bcl-x 
pre-mRNA;  5-FdU,  5-flurodeoxyuridine;  5-FU,  5-fluorouracil;  ASO,  an¬ 
tisense  oligonucleotide;  FCS,  fetal  calf  serum;  ER,  estrogen  receptor; 
RPA,  RNase  protection  assay;  RT,  reverse  transcription;  Gy,  Gray; 
GAPDH,  glyceraldehyde-3-phosphate  dehydrogenase;  MEM,  modified 
essential  medium. 
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5'Bcl-x  AS  treatment  may  augment  the  effectiveness  of  radia¬ 
tion  and  chemotherapy  for  prostate  cancer. 

EXPERIMENTAL  PROCEDURES 

Cells  Lines  and  Prostate  Tissue  Samples— The  treated  human  cancer 
cell  lines  were  from  prostate  (PC3,  DU145),  breast  (MCF-7,  MDA-MB- 
231,  BT-549,  Hs578T)  and  cervical  (HeLa)  cancers.  They  included  four 
p53  mutant  cells  (PC3,  DU145,  MDA-MB-231,  Hs578T)  (25-28)  and 
three  p53-positive  cells  (MCF-7,  BT549,  HeLa)  (25,  28-30).  Among  the 
breast  cancer  cell  lines,  two  were  ER-negative  (MDA-MB-231,  Hs578T) 
(28)  and  two  were  ER-positive  (MCF-7,  BT549)  (28, 29).  PC3  and  DU145 
were  androgen-insensitive  prostate  cancer  cell  lines.  All  cell  lines  were 
originally  from  the  ATCC  and  grown  in  a  humidified  incubator  with  5% 
C02  at  37  °C.  All  cells  were  cultured  in  the  presence  of  penicillin/ 
streptomycin  or,  for  HeLa  cells  gentamycin/kanamycin,  in  the  following 
media.  PC3:  DMEM/F12  (Dulbecco’s  Modified  Eagle’s  Medium),  10% 
fetal  calf  serum  (FCS);  MCF-7:  MEM  (modified  essential  medium),  10% 
FCS,  lx  sodium  pyruvate  (Invitrogen),  lx  non-essential  amino  acids 
(Sigma),  10  pg/m\  insulin  (Invitrogen);  MDA-MB  231  and  Hs578T: 
Dulbecco’s  modified  Eagle’s  medium,  10%  FCS,  insulin  (10  pg/ml);  BT 
549:  RPMI 1640  (Invitrogen),  10%  FCS,  insulin  (1  /xg/ml);  HeLa:  MEM, 
5%  FCS,  5%  horse  serum,  L-glutamine  (2  mM;  Invitrogen);  and  DU145: 
MEM,  10%  FCS,  lx  sodium  pyruvate,  lx  non-essential  amino  acids. 
Twenty-four  hours  prior  to  oligonucleotide  treatment,  all  cells  were 
plated  in  1  ml  of  media  in  24-well  plates  at  a  density  of  7  X  104  per  well. 

Research  specimens  were  recovered  from  prostate  tissue  stored  in 
liquid  nitrogen.  Androgen-independent  prostate  cancer  had  been  ob¬ 
tained  by  transurethral  resection  from  10  men  who  presented  with 
urinary  retention  from  recurrent  prostate  cancer  7-92  months  after 
androgen  deprivation  therapy.  Histologic  examination  revealed  poorly 
differentiated  prostate  cancer  (Gleason  scores  8-10)  that  represented 
an  average  of  92%  (ranged  from  72-99%)  of  the  cross-sectional  area  of 
the  tissue  sections.  Ten  specimens  of  benign  prostate  tissue  had  been 
obtained  from  portions  of  adenoma  removed  at  open  prostatectomy; 
absence  of  cancer  was  confirmed  by  frozen  section. 

Oligonucleotide  Treatment—  2'-0-methyl-oligoribonucleoside  phos- 
phorothioate  18-mer,  antisense  to  the  5'-splice  site  of  Bcl-xL  (AC- 
CCAGCCGCCGUUCUCC;  5 'Bcl-x  AS)  was  synthesized  by  Trilink  Bio¬ 
technologies,  Inc.  (San  Diego,  CA).  2 '-O-methyl  oligoribonucleoside 
phosphorothioate  18-mers  with  randomized  sequence  and/or  antisense 
to  human  /3-globin  IVS2-705  sequence  (31)  were  used  as  negative 
controls;  they  were  synthesized  by  Hybridon,  Inc  (Cambridge,  MA). 
Cells  were  treated  with  oligonucleotides  complexed  with  DMRIE-C  (8 
pg/m\,  Invitrogen)  cationic  lipid  delivery  agent  (23). 

Treatment  with  Antineoplastic  Agents  and  Radiation — Cisplatin, 
5-FU  (5-fluorouracil),  5-FdU  (5-fluorodeoxyuridine),  etoposide,  and 
doxorubicin  were  obtained  from  Sigma.  Their  concentrations  used  in 
treatment  of  oligonucleotide-treated  PC3  and  MCF-7  cells  were  in  the 
ranges  of  0.001-10  pg/ml  for  cisplatin  and  0.001-10  pu  for  the  remain¬ 
ing  four  drugs.  48  h  after  oligonucleotide  transfection,  the  cells  were 
treated  with  the  above  compounds  for  the  times  indicated  in  the  text 
and  figure  legends.  The  variations  in  treatment  were  designed  to  max¬ 
imize  the  response  in  subsequent  assays  (see  below). 

In  radiation  experiments,  cells  were  replated  in  10-cm  plates  24  h 
after  oligonucleotide  treatment.  After  overnight  culture,  cells  were  ir¬ 
radiated  using  a  60Co  y-irradiator  at  doses  indicated  in  Fig.  7.  The 
numbers  of  re-plated  and  radiated  cells  were:  control  PC3  cells,  500  at 
0-2  Gy,  1000  at  4  Gy;  5'Bcl-x  AS-transfected  PC3  cells:  500  at  0  Gy, 
1000  at  1  and  2  Gy,  2000  at  4  Gy;  control  MCF-7  cells,  1000  at  0-2  Gy, 
2000  at  4  Gy;  5'Bcl-x  AS-transfected  MCF-7  cells:  1000  at  0  Gy,  2000  at 
1  and  2  Gy,  4000  at  4  Gy.  After  irradiation,  cells  were  cultured,  and 
colonies  stained  and  counted  on  day  10  of  culture  (see  below),  and  the 
percent  viability  (or  replating  efficiencies)  was  calculated. 

RNA  Isolation  and  Reverse  Transcription-PCR  (RT-PCR) — These 
procedures  were  carried  out  as  previously  described  (23).  Briefly,  48  h 
after  oligonucleotide  transfection,  cells  were  lysed  in  1  ml  of  TRI- 
reagent  (MRC,  Cincinnati,  OH),  and  total  RNA  was  isolated.  RT-PCR 
was  performed  with  rTth  DNA  polymerase  (PerkinElmer  Life  Sciences, 
Branchburg,  NJ)  in  the  presence  of  0.2  pd  of  [<*-32P]dATP  and  forward 
(CATGGCAGCAGTAAAGCAAG)  and  reverse  primers  (GCATTGTTC- 
CCATAGAGTTCC)  at  70  °C,  15  min  for  the  RT  step  followed  by  PCR: 
95  °C,  3  min,  1  cycle;  22  cycles  of  95  °C  for  30  s,  56  °C  for  30  s,  72  °C  for 
1  min;  and  final  extension  at  72  °C  for  7  min. 

Colony  Formation  Assay— 48  h  after  oligonucleotide  treatment,  500 
cells  for  PC3,  DU145,  MDA-MB  231,  BT  549,  MCF-7/ADR,  and  HeLa 
and  1000  cells  for  MCF-7  and  Hs578T  were  re-plated  in  10-cm  plates. 
After  10  days  under  normal  culture  conditions  surviving  colonies  were 


Bcl-xL:  Anti-apoptotic  BcI-xS:  Pro-apoptotic 

Fig.  1.  Alternative  splicing  of  Bcl-x  pre-mRNA.  Use  of  the  up¬ 
stream  alternative  5' -splice  site  {dotted  line )  in  exon  2  yields  the 
shorter,  pro-apoptotic  splice  variant,  Bcl-xS.  Use  of  the  downstream 
5 '-splice  site  {thick  solid  line)  results  in  the  longer,  anti-apoptotic  splice 
variant,  Bcl-xL.  Short  bar  below  this  splice  site  indicates  5'Bcl-x  AS,  an 
antisense  2 '-O-methyl  phosphorothioate  oligonucleotide,  designed  to 
shift  the  splicing  pattern  from  Bcl-xL  to  Bcl-xS.  Boxes,  exons;  thin  lines , 
introns. 

stained  with  5%  methylene  blue  (Sigma)  in  50%  ethanol  for  10  min. 
Colonies  larger  than  50  cells  were  counted.  For  chemotherapeutic  dose- 
response  experiments,  re-plated,  oligonucleotide-treated  cells  were 
treated  for  24  h  with  the  chemotherapeutic  agents.  After  treatment 
with  chemotherapeutic  agents,  the  cells  were  washed  with  HBSS 
(Hank’s  Buffered  Saline  Solution,  Invitrogen),  and  fresh  medium  was 
added.  The  remainder  of  the  procedure  was  the  same. 

Bcl-xL  Western  Blot— Total  protein  was  prepared  by  lysing  cells  (one 
well  of  a  24-well  plate)  or  lysing  prostate  tumor  tissues  (200  mg  tissue 
sections  finely  ground  to  a  powder)  in  radioimmune  precipitation  assay 
(RIPA)  buffer  (50  mM  Tris-HCl,  150  mM  NaCl,  5  mM  EDTA,  1%  Triton 
X-100,  0.1%  SDS,  1%  sodium  deoxycholate),  and  a  mixture  of  protease 
inhibitors  (15  pi  for  every  1  ml  of  RIPA  buffer,  Sigma).  20  pg  of  total 
protein  were  electrophoresed  on  a  15%  SDS-polyacrylamide  gel  and 
electrotransferred  to  polyvinylidene  difluoride  membranes.  Blots  were 
probed  with  Bcl-xL  (1:1000  dilution;  Transduction  Laboratories, 
Lexington,  KY)  followed  by  a  horseradish  peroxidase  (HRP)-conjugated 
secondary  antibody  (1:5000  dilution;  Bio-Rad).  Bcl-xL  migrated  at  ~30 
kDa.  Equal  loading  and  transfer  were  confirmed  by  staining  the  mem¬ 
branes  with  Ponceau  S  (Sigma)  and  blotting  with  /3-tubulin  antibody 
(1:4000  dilution;  Sigma)  followed  by  an  HRP-conjugated  secondary  an¬ 
tibody  (1:5000  dilution;  Sigma);  0-tubulin  protein  migrated  at  -55  kDa. 
Protein  was  visualized  with  ECL  Plus  (Amersham  Biosciences) 
treatment. 

RNase  Protection  Assay  (RPA) — Untreated  cells  were  analyzed  for 
levels  of  Bcl-xL,  Bcl-xS,  Bax,  Bak,  Bcl-2,  Mcl-1,  and  GAPDH  genes  with 
a  multiprobe  template  set  (hAPO-2;  BD  PharMingen,  San  Diego,  CA) 
and  RPA  II  RNase  protection  assay  kit  (Ambion,  Inc.,  Austin,  TX). 
Reactions  were  carried  out  according  to  the  manufacturers’  protocols. 

Statistical  Analysis— Prism  (Graph  Pad)  software  was  used  to  gen¬ 
erate  dose  response  curves,  calculate  LC50  values,  and  for  other  statis¬ 
tical  analyses  indicated  in  the  figure  and  table  legends. 

RESULTS 

Cell  Death  Affected  by  a  Shift  in  Splicing  from  Bcl-xL  to 
Bcl-xS— To  shift  the  alternative  splicing  pathway  of  Bcl-x 
pre-mRNA  from  Bcl-xL  to  Bcl-xS,  seven  different  cell  lines  were 
treated  with  5'Bcl-x  AS  antisense  oligonucleotide  targeted  to 
the  downstream  alternative  5 '-splice  site  of  exon  2  (Fig.  1)  and 
delivered  to  the  cells  with  the  aid  of  DMRIE-C  cationic  lipid 
reagent.  The  treated  cell  lines  originated  from  prostate  (PC3, 
DU145),  breast  (MCF-7,  MDA-MB-231,  BT-549,  Hs578T),  and 
cervical  (HeLa)  cancers  and  represented  distinct  genetic  back¬ 
grounds  (see  “Experimental  Procedures”). 

RT-PCR  analysis  of  total  RNA  from  untreated  cells  showed 
that  in  all  cell  lines  Bcl-xL  mRNA  was  essentially  the  only 
expressed  splice  variant;  Bcl-xS  was  barely  or  not  at  all  detect¬ 
able  (Fig.  2A,  lane  1).  Since  the  uptake  of  the  lipid-oligonucle¬ 
otide  complex  or  the  oligonucleotide  antisense  activity  may 
vary  in  different  cells,  for  each  cell  line,  the  oligonucleotide 
concentration  was  adjusted  such  that  the  splicing  was  shifted 
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Fig.  2.  Cellular  response  to  5'Bcl-x  AS  treatment.  A,  shift  in 
Bcl-xL/xS  splice  variant  ratio.  RT-PCR  analysis  of  total  RNA  from 
5 'Bcl-x  AS-treated  cells  (see  text  and  “Experimental  Methods”).  The  cell 
lines  (prostate  cancer,  DU  145  and  PC3;  breast  cancer,  MCF-7,  Hs578T, 
BT-549,  MDA-MB-231;  cervical  cancer,  HeLa)  are  indicated  above  the 
panels.  Lane  1 ,  mock  transfection;  lane  2,  transfection  with  randomized 
oligonucleotide;  lane  3,  transfection  with  5 'Bcl-x  AS.  The  concentra¬ 
tions  of  the  oligonucleotides  are  indicated  (top).  B,  5'Bcl-x  AS-induced 
death  of  treated  cell.  Cells  treated  with  the  concentrations  of  5'Bcl-x  AS 
that  elicited  50%  shift  in  Bel-xL/xS  splicing  in  each  cell  line  were  tested 
in  a  clonogenic  assay  (“Experimental  Methods”).  Cell  viability  is  ex¬ 
pressed  as  percent  colonies  formed  10  days  after  treatment  and  nor¬ 
malized  versus  control  cells  treated  with  the  same  concentration  of 
randomized  oligonucleotide.  In  this  and  subsequent  figures  error  bars 
represent  the  S.D.  from  at  least  three  independent  experiments.  Mu¬ 
tant  ( M)  and  wild  type  (W)  p53  and  ER  status  are  indicated  below  the 
graph. 


~50-60%.  Note  that  RT-PCR  was  carried  out  with  32P-labeled 
dATP,  which  is  incorporated  into  Bcl-xL  and  -xS  spliced  prod¬ 
ucts  with  a  1.2:1  ratio.  Thus,  the  autoradiograms  shown  in  Fig. 
2A  slightly  underrepresent  the  amount  of  newly  generated 
Bcl-xS  mRNA.  The  extent  of  the  oligonucleotide-induced  shift 
in  splicing  was  confirmed  by  RPA  (data  not  shown). 

The  effects  of  the  treatment  with  5'Bcl-x  AS  on  the  survival 
of  the  cells  from  all  seven  cell  lines  was  determined  by  a  colony 
formation  assay.  This  method  was  chosen  because  it  quantifies 
the  cumulative  cell  death  over  a  prolonged  10-day  period  of 
time.  Short  term  apoptosis  assays  were  not  appropriate  since 
the  time  course  of  apoptosis  induction  varies  from  cell  line  to 
cell  line  making  it  difficult  to  compare  the  overall  extent  of 
apoptosis  among  different  cell  lines.  The  results  shown  in  Fig. 
2 B  demonstrated  that  the  oligonucleotide  treatment  led  to 
death  of  the  cells  from  all  cell  lines;  PC 3  cells  were  the  most, 
and  HeLa  cells  were  the  least  susceptible. 

Endogenous  Levels  of  Bcl-xL  Determine  the  Cellular  Re¬ 
sponse  to  5'Bcl-x  AS — Since  the  extent  of  Bcl-xL/xS  splicing 
modification  was  normalized  to  approximately  the  same  50- 
60%  level  (Fig.  2A)  it  appeared  that  other  factors  must  have 
contributed  to  the  variability  of  the  cellular  response  to  5'Bcl-x 
AS  treatment.  No  clear  correlation  was  found  between  suscep¬ 
tibility  to  5'Bcl-x  AS  treatment  and  the  level  of  expression  of 
functional  p53  or  ER  genes;  this  indicated  that  Bcl-xL/Bcl-xS 
effects  are  p53  (32,  33)  and  ER-independent  (Fig.  2 B).  Further¬ 
more,  there  was  no  correlation  between  5'Bcl-x  AS  susceptibil¬ 
ity,  and  the  levels  of  expression  of  several  Bcl-2  family  mem¬ 
bers  (Bak,  Mcl-1,  Bcl-2,  and  Bax)  determined  by  RPA  of  total 
RNA  from  the  seven  cell  lines  (Fig.  3). 

To  further  address  this  issue,  an  examination  of  the  levels  of 
Bcl-xL  mRNA  was  carried  out  by  RPA.  The  results  showed  that 
the  levels  of  Bcl-xL  were  highest  in  PC3  cells,  followed  by  MDA 
231,  DU145,  Hs578T,  MCF-7,  BT549  and  lowest  in  HeLa  cells 
(Fig.  4,  A  and  B).  Analysis  of  Bcl-xL  protein  by  immunoblotting 
with  anti-Bcl-xL  antibody  established  the  same  rank  order  of 
Bcl-xL  expression  levels  (Fig.  4,  C  and  D ).  There  was  a  high 
degree  of  correlation  ( p  value  of  <  0.0001  and  r2  =  0.9601,  by 
Pearson  correlation)  between  the  levels  of  Bcl-xL  protein  in 
untreated  cell  lines  and  death  of  5'Bcl-x  AS-treated  cells,  indi¬ 
cating  that  cells  containing  higher  levels  of  Bcl-xL  were  more 
susceptible  to  5'Bcl-x  AS  oligonucleotide  treatment. 

This  counterintuitive  result,  that  increased  expression  of 
anti-apoptotic  Bcl-xL  at  the  same  time  facilitates  cell  death  of 
5'Bcl-x  AS-treated  cells,  is  best  explained  by  the  data  illus¬ 
trated  in  Fig.  5,  A  and  B.  The  seven  different  cell  lines  were 
treated  with  5'Bcl-x  AS  at  concentrations  indicated  in  Fig.  2A 
that  resulted  in  50-60%  shift  in  Bcl-x  pre-mRNA  splicing. 
Despite  the  fact  that  the  relative  amounts  of  Bcl-xL/xS  mRNAs 
were  the  same  in  all  cell  lines  (Le.  the  ratio  of  Bcl-xL  to  -xS  was 
~50-60%),  RPAs  of  total  RNA  with  a  Bcl-xS-specific  probe 
showed  that  the  absolute  levels  of  Bcl-xS  mRNA  varied  sub¬ 
stantially  (Fig.  5).  PC3  cells  had  the  highest  and  HeLa  cells  the 
lowest  content  of  this  RNA,  consistent  with  the  expression 
levels  of  Bcl-xL  and  not  the  extent  of  the  shift  in  splicing.  These 
data  suggest  that  highly  expressing  cells  such  as  PC3  cells 
have  high  levels  of  Bcl-x  pre-mRNA,  which  when  spliced  pro¬ 
duced  large  amounts  of  Bcl-xL  mRNA.  When  targeted  with 
5'Bcl-x  AS  oligonucleotide  splicing  of  Bcl-x  pre-mRNA  resulted 
in  large  amounts  of  Bcl-xS  mRNA  (Fig.  5)  and  presumably 
Bcl-xS  protein.  Previously  observed  differences  in  the  level  of 
Bcl-xS  protein  in  oligonucleotide-treated  PC3  and  MCF-7  cells 
support  this  conclusion  (23). 

5'Bcl-x  AS  Sensitizes  MCF-7  and  PC3  Cells  to  Antineoplastic 
Treatments — The  5'Bcl-x  AS-induced  shift  in  splicing  may  be 
less  effective  against  cancers  with  low  Bcl-x  expression  levels 
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Fig.  3.  Relative  levels  of  expression  of  anti-apoptotic  genes. 

Ribonuclease  protection  assays  (see  “Experimental  Methods”)  for  Bak, 
Mcl-1,  Bcl-2,  and  Bax  (indicated  above  the  graphs)  were  carried  out  on 
total  RNA  from  the  cell  lines  indicated  below  the  graphs.  The  mRNA 
levels  are  normalized  to  the  levels  of  GAPDH  mRNA  and  expressed  in 
arbitrary  units  from  NIH  Image.  Results  are  an  average  from  two 
samples. 

(see  also  “Discussion”  for  additional  considerations).  Thus,  we 
sought  to  determine  if  the  applicability  of  this  approach  could 
be  extended  to  more  resistant  cells  if  the  5' Bcl-x  AS  treatment 
is  combined  with  conventional  antineoplastic  agents.  The  ex¬ 
periments  were  carried  out  on  the  MCF-7  breast  cancer  cell 
line,  a  cell  line  relatively  resistant  to  oligonucleotide  treatment, 
and  the  oligonucleotide-susceptible  PC3  prostate  cancer  cell 
line.  Five  apoptosis-inducing  agents,  cisplatin,  doxorubicin, 
5-FU,  5-FdU,  and  etoposide,  which  exert  their  cytotoxic  effects 
through  different  mechanisms  (see  “Discussion”)  were  selected 
for  these  experiments.  All  of  these  chemotherapeutic  agents 
are  a  part  of  the  standard  set  of  anticancer  agents  included  in 
the  National  Cancer  Institute’s  drug  screen  (6). 

Dose  response  curves  were  generated  for  MCF-7  cells  treated 
with  0.1  and  0.4  /am  5'Bcl-x  AS  followed  by  chemotherapeutic 
agents.  6.4  /am  random  oligonucleotide-transfected  or  mock- 
transfected  cells  served  as  negative  controls.  0.1  and  0.4  jam 
5 'Bcl-x  AS  alone  resulted  in  -35  and  50%  shift  in  splicing  and 


Fig.  4.  Variability  of  Bcl-xL  mRNA  and  protein  levels.  A,  rep¬ 
resentative  gel  analysis  of  RNA  protection  assay  for  Bcl-xL  ( upper 
panel )  and  GAPDH  (lower  panel)  mRNA  levels.  B,  relative  Bcl-xL 
mRNA  levels,  normalized  for  GAPDH,  and  expressed  in  arbitrary  units 
from  NIH  Image.  C,  representative  immunoblot  analysis  of  Bcl-xL  and 
/3-tubulin  protein  levels  ( upper  and  lower  panels ,  respectively).  D,  rel¬ 
ative  levels  of  Bcl-xL  protein,  normalized  for  /3-tubulin,  and  expressed 
in  arbitrary  units  from  NIH  Image. 

59  and  38%  viability,  respectively  (data  not  shown).  The  latter 
values  were  normalized  to  100%  in  order  to  determine  the  LC50 
of  the  different  drugs  (see  “Experimental  Methods”).  Examples 
of  the  experimental  data  for  cisplatin  and  doxorubicin  are 
illustrated  in  Fig.  6,  A  and  B.  The  summary  of  the  data  for  all 
the  drugs  and  MCF-7  and  PC3  cells  is  in  Tables  I  and  II. 

For  MCF-7  cells,  the  0.4  /am  concentration  of  5'Bcl-x  AS 
markedly  decreased  the  LC50  values  for  cisplatin  (>5-fold)  and 
doxorubicin  (> 6-fold)  (Table  I).  Although  the  oligonucleotide 
also  sensitized  the  cells  to  a  statistically  significant  degree  to 
5-FdU,  the  effect  was  not  dose-dependent  (see  “Discussion”); 
the  effect  was  even  lower  for  etoposide.  The  shift  in  Bcl-x 
pre-mRNA  splicing  did  not  alter  the  sensitivity  of  MCF-7  cells 
to  5-FU.  Treatment  of  PC3  cells  with  5'Bcl-x  AS  at  concentra- 
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Fig.  5.  Levels  of  Bcl-xS  mRNA  in  5'Bcl-x  AS-treated  cells.  A, 

representative  gel  analysis  of  RNA  protection  assay  for  Bcl-xS  ( upper 
panel)  and  GAPDH  ( lower  panel )  mRNA  levels  in  5 'Bcl-x  AS  (concen¬ 
trations  were  as  indicated  in  the  legend  to  Fig.  2)-treated  cells.  B , 
relative  Bcl-xS  mRNA  levels,  normalized  for  GAPDH,  and  expressed  in 
arbitrary  units  from  NIH  Image. 


tions  of  0.01  and  0.08  pM  led  to  a  35  and  55%  shift  in  Bcl-x 
pre-mRNA  splicing  and,  respectively,  to  58  and  25%  viability 
(data  not  shown).  Addition  of  cisplatin  and  5-FdU  to  oligonu¬ 
cleotide-treated  (0.08  pM  5'Bcl-x  AS)  PC3  cells  led  to  a  10-fold 
decrease  in  LC50  of  these  drugs.  The  LC50  values  of  etoposide, 
5-FU,  and  doxorubicin  were  2-3-fold  lower  in  5'Bcl-x  AS  (0.08 
p,M)-treated  PC3  cells  than  that  in  control  cells.  For  the  latter 
three  drugs,  oligonucleotide  dose  dependence  was  not  found. 

The  effects  of  the  oligonucleotide  and  antineoplastic  treat¬ 
ments  on  cell  viability  in  all  the  experiments  were  assayed  in 
long  term  colony  formation  assays  in  tissue  culture  plates. 
Thus,  it  could  be  argued  that  there  is  no  evidence  that  these 
treatments  led  to  cell  death  by  increasing  apoptosis.  We  have 
shown  previously  that  the  shift  in  Bcl-xL/xS  splicing  induced 
apoptosis  in  PC3  and  MCF-7  cells  (23).  We  confirmed  that  the 
combination  of  5'Bcl-x  AS  with  cisplatin  or  5-FdU  for  PC3  cells 
and  with  doxorubicin  for  MCF-7  cells  induced  PARP  cleavage 
(poly(ADP)-ribose  polymerase,  an  indicator  of  apoptosis)  to  a 
greater  extent  than  each  agent  alone,  as  expected  (data  not 
shown). 

Soft  agar  colony  formation  tests  were  carried  out  to  confirm 
that  the  oligonucleotide/drug  treatments  caused  cell  death  and 
not  merely  reduced  the  ability  of  the  treated  cells  to  attach  to 
the  culture  plate.  The  5'Bcl-x  AS-transfected  PC3  and  MCF-7 
cells  were  treated  with  cisplatin,  doxorubicin,  5-FU,  5-FdU, 
and  etoposide  at  the  LC50  concentrations  of  these  drugs  shown 
in  Tables  I  and  II.  Colony  formation  in  soft  agar  and  the 
calculated  effects  of  the  treatments  on  cell  viability  closely 
mirrored  those  obtained  in  the  plate-based  clonogenic  assay 
(data  not  shown).  Thus,  the  combined  results  of  the  PARP  and 
soft  agar  assays  indicate  that  the  above  treatments  increased 
apoptotic  cell  death. 

5' Bcl-x  AS  Sensitizes  MCF-7  and  PC3  Cells  to  Radiation — 
Overexpression  of  Bcl-xL  is  an  important  factor  in  mediating 
radioresistance  (34)  whereas  cells  with  lower  levels  of  Bcl-xL 
are  more  sensitive  to  radiation-induced  apoptosis  (35).  Fur¬ 
thermore,  it  was  found  that  radiation  down-regulates  Bcl-xL  in 


Fig.  6.  Sensitization  of  MCF-7  cells  to  cisplatin  and  doxorubi¬ 
cin  by  5'Bcl-x  AS.  A  and  B,  dose  response  curves  to  cisplatin  and 
doxorubicin  of  5'Bcl-x  AS-treated  cells.  The  clonogenic  assays  were 
performed  on  MCF-7  cells  transfected  with  the  oligonucleotides  at  con¬ 
centrations  indicated  in  the  panel  followed  by  treatment  with  increas¬ 
ing  concentrations  of  the  drug.  Cell  viability  of  drug-treated  cells  is 
expressed  as  percent  of  colonies  formed  after  treatment  and  normalized 
versus  control  cells  treated  with  the  oligonucleotide  only.  These  data 
were  used  to  calculate  drug  LC50  values.  See  “Experimental  Proce¬ 
dures”  for  more  details. 

MCF-7  cells  (36).  Thus,  it  seemed  likely  that  the  oligonucleoti¬ 
de-induced  shift  in  Bcl-xL/Bcl-xS  splicing  would  sensitize  can¬ 
cer  cells  to  radiation-induced  apoptosis.  Transfection  of  MCF-7 
and  PC3  cells  with  5'Bcl-x  AS  (0.1  and  0.4  pM  for  MCF-7  and 
0.01  and  0.08  pM  for  PC3  cells),  followed  by  exposure  to  1-4  Gy 
doses  of  radiation,  resulted  in  a  statistically  significant  reduc¬ 
tion  of  cell  viability  (Fig.  7,  A  and  B ).  At  2  Gy  and  0.4  pm  5'Bcl-x 
AS  oligonucleotide,  MCF-7  cell  viability  was  reduced  to  24%, 
compared  with  40%  for  control  oligonucleotide-transfected 
cells.  At  the  highest  dose  (4  Gy)  the  viability  was  further 
reduced  in  a  dose-dependent  fashion  to  5.8  and  3.4%  for  0.1  and 
0.4  pM  Bcl-x  AS,  respectively,  compared  with  14.5%  for  control 
oligonucleotide-transfected  cells. 

PC3  cells  were  found  to  be  more  sensitive  to  the  combined 
oligonucleotide-radiation  treatment.  Cell  viability  was  reduced 
close  to  2-fold  even  at  low  doses  (0.01  pM  oligonucleotide  and  1 
Gy  radiation).  Under  these  conditions  viability  of  the  cells  was 
lower  than  that  of  control  cells  irradiated  at  a  2-Gy  dose  (Fig. 
IB).  As  the  radiation  dose  increased,  the  effects  of  the  shift  in 
Bcl-xL/Bcl-xS  splicing  became  less  pronounced;  at  4  Gy  there 
was  no  further  sensitization,  presumably  because  the  radiation 
alone  induced  massive  cell  death. 

5' Bcl-x  AS  Induces  Cell  Death  in  the  Multidrug-resistant  Cell 
Line,  MCF-7  !  ADR — Since  treatment  of  cancer  cells  with  che¬ 
motherapeutic  agents  may  select  resistant  cells,  we  sought  to 
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Table  I  * 

LC50  results  for  UCF7  cells  transfected  with  5’ Bcl-x  AS 

MCF7  cells  were  transfected  with  0.1  and  0.4  /am  5 'Bcl-x  AS  that  yielded,  respectively,  a  35  and  55%  shift  in  splicing  from  Bcl-xL  to  Bcl-xS,  or 
with  a  control  oligonucleotide.  LC50  values  were  obtained  from  dose  response  curves,  as  shown  in  Fig.  6.  See  Experimental  Procedures  for  more 
details.  Results  are  the  mean  values  from  three  independent  experiments.  S.D.  for  all  values  were  equal  to  or  less  than  0.02. 


Cell  line 

Treatment 

Etoposide 

5-FU 

Cisplatin 

5-FdU 

Doxorubicin 

[AM 

flM 

\igtml 

[AM 

\XM 

MCF-7 

Mock 

0.94 

1.4 

0.063 

5.5 

0.26 

0.4  /am  Control 

0.84 

1.1 

0.061 

5.4 

0.29 

0.1  /am  5Bcl-x  AS 

0.48“ 

1.0 

0.056° 

1.8° 

0.19“ 

0.4  /am  5Bcl-x  AS 

0.49“ 

0.96 

0.012* 

1.4° 

0.041* 

LC60  decrease  (0.4  /am 
5'Bcl-x  AS  vs.  Mock): 

1.9 

1.1  (NS) 

5.3 

3.9 

6.3 

“  Significant  difference  from  control  cells  Ip  <  U.uo;  one  way  ainuva  wiui  iu*ey  pu^-uuu 

6  Significant  difference  from  control  and  0.1  /am  5'Bcl-x  AS-treated  cells  (p  <  0.05;  one  way  ANOVA  with  Tukey  post-hoc  test. 
c  NS,  Not  significant. 


Table  II 

LC60  results  for  PC3  cells  transfected  with  5’Bcl-x  AS 

PC3  cells  were  transfected  with  concentrations  of  5Bcl-x  AS  (0.01  and  0.08  pM)  that  yielded,  respectively,  a  35  and  50%  shift  in  splicing  from 
Bcl-xL  to  Bcl-xS.  S.D.  for  all  values  were  equal  to  or  less  than  0.023.  Other  details  are  as  in  the  legend  to  Table  1.  _ _____ 


Cell  line 


Treatment 


PC3  Mock 

0.08  /am  Control 
0.01  /am  5BclAS 
0.08  /am  5BclAS 

LC60  decrease  (0.08  /am 
5 'Bcl-x  AS  vs.  Mock): 


Etoposide 

5-FU 

Cisplatin 

5-FdU 

Doxorubicin 

[AM 

[AM 

P g/ml 

[AM 

/AM 

2.2 

12.2 

0.19 

5.8 

0.030 

2.1 

13.0 

0.15 

4.9 

0.029 

0.67“ 

5.0“ 

0.13“ 

1.5“ 

0.017“ 

0.62“ 

3.7b 

0.02* 

0.56* 

0.016“ 

3.5 

3.3 

9.5 

10.4 

1.9 

“  Significant 
*  Significant 


difference  from  control  cells  (p  <  0.05;  one-way  ANOVA  with  Tukey  post-hoc  test). 

difference  from  control  and  0.01  /am  5'Bcl-x  AS-treated  cells  (p  <  0.05;  one  way  ANOVA  with  Tukey  post-hoc  test). 
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Fig.  7.  Treatment  with  5'Bcl-x  AS  sensitizes  MCF-7  and  PC3 
cells  to  radiation.  A,  MCF-7  cells;  B ,  PC3  cells.  Clonogenic  assay  of 
cells  transfected  with  the  oligonucleotides  at  concentrations  indicated 
in  the  figure  followed  by  radiation  at  1-4  Gy.  Cell  viability  of  irradiated 
cells  is  expressed  as  percent  colonies  formed  after  treatment  and  nor¬ 
malized  versus  control  cells  treated  with  the  oligonucleotide  only.  As¬ 
terisk  indicates  statistically  significant  difference  versus  control  cells 
(p  <  0.05;  one-way  analysis  of  variance  with  Tukey  post-hoc  test). 


determine  if  the  oligonucleotide-induced  shift  in  Bcl-xL/xS 
splicing  caused  apoptosis  in  chemotherapy-resistant  cells. 
MCF-7/ADR  cells,  a  p53  mutant  (25)  breast  cancer  cell  line,  are 
highly  resistant  to  apoptosis  induced  by  chemotherapeutic 
agents  such  as  doxorubicin  (37).  Overexpression  of  the  mdr  1 
gene,  which  codes  for  P-glycoprotein,  is  the  principal  mecha¬ 


nism  of  the  chemoresistance  for  these  cells  (38-41).  Treatment 
of  MCF-7/ADR  cells  with  5'Bcl-x  AS  oligonucleotides  resulted 
in  a  dose-dependent  shift  in  splicing  from  Bcl-xL  to  Bcl-xS  (Fig. 
8A).  The  EC50  of  5'Bcl-x  AS  (0.08  /am)  was  comparable  to  its 
EC50  in  PC3  cells  (0.08  /am)  and  5-fold  lower  than  in  parent 
MCF-7  cells  (0.4  /am).  This  effect  appears  to  be  due  to  increased 
uptake  of  the  oligonucleotide-DMRIE-C  complex  into  the  nuclei 
(data  not  shown,  see  “Discussion”)-  The  shift  in  splicing  led  to 
a  dose-dependent  decrease  in  the  viability  of  the  MCF- 7/ADR 
cells  (Fig.  8B).  Although  the  50%  shift  in  Bcl-xL/xS  splicing  was 
achieved  at  a  5'Bcl-x  AS  concentration  lower  than  that  in 
MCF-7  cells,  decreases  in  cell  viability  were  comparable  in  the 
two  cell  lines  (compare  Figs.  2 B  and  8B). 

In  order  to  examine  this  observation  in  more  detail,  the  level 
of  Bcl-xL  protein  in  MCF-7/ADR  cells  was  determined  and 
plotted  versus  cell  viability  and  compared  with  the  other  cell 
lines  studied.  The  level  of  Bcl-xL  was  similar  to  that  of  the 
parent  MCF-7  cells  (Fig.  8C).  The  decrease  in  cell  viability  was 
similar  and  agreed  with  the  results  obtained  for  other  cell  lines 
(Fig.  8C,p  <  0  .0001  and  r2  =  0.9480  by  Pearson  correlation). 
Thus,  despite  apparent  changes  in  the  oligonucleotide  uptake 
resulting  in  increased  sensitivity  of  Bcl-xL/xS  splicing  to  oligo¬ 
nucleotide  treatment,  the  decrease  in  cell  viability  remained 
unchanged  suggesting  that  it  depended  only  on  the  endogenous 
level  of  Bcl-x  pre-mRNA  as  reflected  in  the  levels  of  Bcl-xL 
protein. 

High  Expression  of  Bcl-xL  in  Prostate  Cancer—  Since  the 
androgen-insensitive  prostate  cancer  cell  lines,  PC 3  and 
DU145,  had  among  the  highest  levels  of  Bcl-xL,  we  tested  if 
clinical  specimens  of  prostate  cancer  recurrent  after  androgen 
deprivation  therapy  exhibited  increased  expression  of  this 
gene.  Immunoblot  analysis  of  prostate  cancer  and  benign  pros¬ 
tate  samples  showed  significant  differences  in  the  levels  of 
Bcl-xL  between  the  two  groups  ( p  =  0.0012,  2-tailed  Student’s 
t  test;  Fig.  9).  This  suggests  that  Bcl-xL  may  play  a  role  in  the 
progression  of  prostate  cancer  and  that  modulation  of  its  ex¬ 
pression  may  be  a  means  of  controlling  that  progression. 
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Fig.  8.  Induction  of  cell  death  in  MCF- 7/ADR,  multidrug-re¬ 
sistant  breast  cancer  cell  line  by  5'Bcl-x  AS.  A,  RT-PCR  analysis  of 
MCF-7/ADR  cells  transfected  with  increasing  doses  of  5'Bcl-x  AS  and 
control  oligonucleotide.  Percent  of  Bcl-xS  is  shown  below  each  lane.  B, 
clonogenic  assay  of  control  ( open  bars )  and  5'Bcl-x  AS-treated  cells 
( black  bars).  Cell  viability  is  expressed  as  percent  colonies  formed  after 
oligonucleotide  treatment  versus  mock-transfected  cells.  C,  correlation 
of  Bcl-xL  protein  levels  (expressed  in  arbitrary  units  converted  to  a 
0-50  unit  scale)  with  viability  of  the  cells  treated  with  5'Bcl-x  AS  at 

^^50, splicing* 


DISCUSSION 

Several  recent  studies  showed  that  antisense  oligonucleoti¬ 
de-mediated  down-regulation  of  expression  of  Bcl-xL  and  other 
anti-apoptotic  genes  enhanced  apoptosis  with  and  without  ad¬ 
ditional  treatment  with  chemotherapeutic  drugs  (13,  18,  42- 
47).  In  these  approaches,  the  higher  the  expression  of  the 
target  mRNA,  the  less  effective  were  the  oligonucleotides.  In 
the  work  reported  here,  the  opposite  was  true;  the  higher  the 
expression  of  Bcl-xL,  the  more  pronounced  the  effects  of  the 


Cancer  Prostate 

Fig.  9.  Expression  of  Bcl-xL  in  human  prostate  cancer  and 
benign  prostate.  Total  protein  from  10  cancer  and  10  benign  prostate 
tissue  specimens  were  analyzed  for  Bcl-xL  content  by  Western  blotting 
with  Bcl-x  antibody.  The  intensities  of  the  resulting  Bcl-xL  bands  were 
quantified  and  normalized  versus  0-tubulin  (see  “Experimental  Meth¬ 
ods”).  Asterisk,  statistically  significant  difference  from  benign  tissue 
( p  =  .0012;  95%  Cl;  2-tailed  Student’s  t  test). 

5'Bcl-x  AS  oligonucleotide.  These  results  show  the  power  of 
oligonucleotide  modification  of  splicing  and  bode  well  for  the 
specificity  of  this  approach. 

The  main  advantage  of  splicing  modification,  especially  in 
the  context  of  opposing  Bcl-xL  and  -xS  splice  variants,  is  that 
for  every  pre-mRNA  molecule  targeted  with  the  antisense  oli¬ 
gonucleotide  one  molecule  of  anti-apoptotic  Bcl-xL  is  replaced 
with  one  molecule  of  pro-apoptotic  Bcl-xS.  The  observations 
that  antisense  down-regulation  of  Bcl-xL  was  not  very  effective 
(23),  or  even  promoted  chemoresistance  in  some  cases  (48), 
suggest  that  the  key  contributor  to  5'Bcl-x  AS  oligonucleotide- 
induced  apoptosis  was  newly  generated  Bcl-xS.  Importantly,  as 
shown  here,  this  splice  variant  was  effective  regardless  of  the 
expression  profile  of  the  targeted  cells.  This  notion  is  well 
illustrated  by  the  lack  of  correlation  of  5'Bcl-x  AS-induced  cell 
death  with  the  levels  of  Bcl-2,  Bak,  Bax,  Mcl-1  apoptosis  genes, 
p53  status,  estrogen  receptor  status  (for  breast  cancer  cells), 
and  mdrl  gene  expression  (MCF-7/ADR  cells).  Apparent  lack  of 
impact  of  estrogen  receptor  status  is  particularly  interesting 
since  estradiol,  acting  via  estrogen  receptors,  has  been  shown 
to  activate  anti-apoptotic  pathways  (49).  Here,  treatment  of 
MCF-7  ER-positive  breast  cancer  cells  and  Hs578T  ER-nega- 
tive  breast  cancer  cells  with  equivalent  doses  of  5'Bcl-x  AS 
resulted  in  similar  levels  of  cell  death.  Furthermore,  previous 
results  showed  that  culturing  MCF-7  cells  in  estradiol-free 
media  did  not  enhance  the  apoptotic  effects  of  5'Bcl-x  AS  treat¬ 
ment  (23).  Thus,  it  appears  that  high  expression  of  Bcl-xS  is 
able  to  override  several  different  anti-apoptotic  pathways. 
These  findings  may  be  exploited  as  a  prognostic  tool  to  identify 
tumors  that  are  most  likely  to  benefit  from  5'Bcl-x  AS  treat¬ 
ment.  It  is  therefore  encouraging  that  prostate  cancer  has 
higher  levels  of  Bcl-xL  compared  with  benign  prostate  (Fig.  9) 
or  lower  grade  tumors  (50).  Furthermore,  5'Bcl-x  AS  should  be 
quite  specific  as  a  drug  since  non-cancerous  cells,  that  typically 
express  low  levels  of  Bcl-xL,  should  be  relatively  resistant  to 
the  treatment.  While  data  presented  in  this  paper  suggest  that 
the  endogenous  level  of  Bcl-xL  is  a  major  factor  in  several  cell 
lines,  the  role  of  other  factors  in  different  cell  lines  cannot  be 
ruled  out.  For  example,  cells  may  degrade  the  oligonucleotide 
faster,  have  different  rates  of  mRNA  turnover,  varying  expres¬ 
sion  levels  of  other  apoptotic  genes  (such  as  caspases),  or  vary¬ 
ing  levels  of  proteins  in  pathways  that  interact  with  Bcl-xL 
and/or  Bcl-xS  function  ( e.g .  PKC-  and  MEK-dependent  path¬ 
ways  that  regulate  Bcl-xL  expression,  Refs.  51  and  52,  and 
JNK,  which  phosphorylates  Bcl-xL,  Ref.  49). 

The  oligonucleotide-induced  shift  in  splicing  alone  was  able 
to  cause  significant  cell  death  in  PC 3  cells  and  was  even  more 
effective  in  combination  with  chemotherapeutic  agents,  partic- 
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ularly  with  cisplatin  and  5-FdU.  Similarly,  in  MCF-7  cells  the 
combination  of  cisplatin,  5-FdU,  or  doxorubicin  with  5'Bcl-x  AS 
oligonucleotide  was  more  effective  than  each  agent  alone.  This 
sensitization  of  cells  indicates  that  in  clinical  treatments  the 
concentration  of  the  toxic  antineoplastic  agents  can  be  lowered 
up  to  10-fold  if,  for  example,  the  results  with  PC3  cells  and 
cisplatin  and  5-FdU  could  be  recapitulated  in  prostate  cancer 
patients.  Since  in  clinical  trials,  similarly  modified  oligonucleo¬ 
tides  were  found  to  be  relatively  non-toxic  (53,  54),  overall 
toxicity  of  the  treatment  would  be  reduced. 

The  specific  mechanisms  responsible  for  frequently  observed 
variations  in  the  degree  of  sensitization  to  the  different  chemo¬ 
therapeutic  agents  (55,  56)  are  not  entirely  clear.  The  five 
tested  chemotherapeutic  drugs,  as  well  as  radiation,  damage 
DNA  and  induce  apoptosis  (57,  58).  Yet,  they  varied  in  the  ways 
they  acted  in  combination  with  5'Bcl-x  AS  treatment.  For  ex¬ 
ample  5'  Bcl-x  AS  treatment  effectively  sensitized  the  cells  to 
5-FdU  but  not  to  5-FU.  The  obvious  difference  between  these 
two  drugs  is  that  although  both  compounds  incorporate  into 
DNA  and  affect  its  function,  5-FU  is  also  incorporated  into 
RNA  where  it  interferes  with  several  processes  including  splic¬ 
ing  (59).  To  follow  this  lead,  we  have  tested  the  effects  of  all  the 
drugs  on  the  shift  in  splicing  of  Bcl-xL  to  Bcl-xS.  Neither  5-FU, 
nor  for  that  matter  the  remaining  drugs,  had  any  clear  effect  on 
splicing  of  Bcl-x  pre-mRNA,  as  determined  by  RT-PCR  of  total 
RNA  of  treated  MCF-7  and  PC3  cells  (data  not  shown).  On  the 
other  hand,  higher  sensitivity  of  MCF-7  (wild  type  p53)  versus 
PC3  (mutant  p53)  cells  to  doxorubicin  is  consistent  with  the 
observation  that  doxorubicin  is  most  effective  in  cells  with  wild 
type  p53  (60).  Even  technical  details  such  as  order  of  addition 
of  drugs  may  affect  their  interactions  (61).  For  example,  Kano 
et  al.  (62)  found  that  in  various  cancer  cell  lines  paclitaxel  and 
cisplatin  could  have  antagonistic  or  additive  effects  depending 
on  the  order  of  treatment.  Evidently,  the  mechanisms  under¬ 
lying  different  effects  of  drug  combinations  are  not  readily 
discerned  based  on  simple  assumptions.  Additional  work,  most 
likely  based  on  the  global  assessment  of  gene  expression  of  cells 
treated  with  drugs  and  antisense  oligonucleotides  afforded  by 
microarray  technology  (63-65)  will  be  needed. 

The  finding  that  the  multidrug-resistant  cell  line,  MCF-7/ 
ADR,  is  equal  to  the  parent  MCF-7  cells  in  its  response  to 
newly  spliced  Bcl-xS  is  encouraging.  It  suggests  that  the  Bcl- 
xL/xS-dependent  apoptotic  pathways  were  not  altered  in  the 
resistant  cell  line.  The  result  also  suggests  that  in  the  clinical 
setting,  resistance  due  to  overexpression  of  the  mdrl  gene,  may 
still  be  overcome  with  the  antisense  therapy  or  that  initial 
combination  therapy  may  reduce  the  probability  of  selection  of 
resistant  cells.  5'Bcl-x  AS  treatment  was  unable  to  sensitize 
the  cells  to  doxorubicin  (data  not  shown)  indicating  that,  as 
expected  for  a  sequence-specific  agent,  the  oligonucleotide  did 
not  affect  the  mdrl  gene  expression. 

The  fact  that  in  MCF-7/ADR  cells,  the  same  reduction  of 
viability  as  in  parent  MCF-7  cells  was  achieved  at  lower  con¬ 
centrations  of  5'Bcl-x  AS  oligonucleotide  suggests  that  its  up¬ 
take  was  better  in  the  doxorubicin-resistant  cells.  Experiments 
with  fluorescent-labeled  2'-0-Me  oligonucleotide  confirmed 
that  in  these  cells,  there  was  higher  nuclear  accumulation  of 
the  oligonucleotide  (data  not  shown).  Questions  remain  as  to 
whether  there  is  a  connection  between  this  phenomenon  and 
overexpression  of  mdrl  or  other  means  of  drug  resistance. 
Likewise,  investigation  of  the  uptake  of  other  modified  oligo¬ 
nucleotides,  which  appear  to  be  more  effective  than  2'-0-Me 
derivatives  (66),  into  MCF-7/ADR  or  other  m<2rl-overexpress- 
ing  cells  would  be  worthwhile.  Positive  answers  to  these  ques¬ 
tions  would  be  very  encouraging  since  the  resistance  of  cancer 
cells  to  apoptosis  induced  by  chemotherapeutic  agents  is  a 
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major  obstacle  that  impairs  the  effective  treatment  of^many 
cancers. 

The  finding  that  cells  that  express  higher  levels  of  Bcl-xL 
were  more  sensitive  to  5'Bcl-x  AS-induced  cell  death,  suggests 
that  cancers  that  express  high  levels  of  Bcl-xL  may  benefit  from 
treatment  with  the  oligonucleotide.  In  particular,  the  effects  of 
5'Bcl-x  AS  combined  with  chemotherapeutic  agents  may  be 
translated  to  clinical  prostate  cancer  since  recurrent  prostate 
cancer  expresses  high  levels  of  Bcl-xL.  The  potential  combina¬ 
tion  of  5'Bcl-x  AS  with  standard  anti-cancer  treatments  war¬ 
rants  further  exploration,  especially  in  recurrent  prostate 
cancer. 
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BACKGROUND.  The  human  prostate  cancer  xenograft,  CWR22,  similar  to  most  human 
prostate  cancers,  regresses  after  castration  and  recurs  several  months  after  the  removal  of 
androgen.  Genes  uniquely  associated  with  proliferation  were  identified  by  comparison  of 
tumors  that  exist  in  androgen  absence  but  differ  in  proliferative  capacity. 

METHODS.  cDNA  libraries  from  CWR22  tumors  from  20-day  castrate  mice  (proliferation 
undetectable)  and  recurrent  CWR22  tumors  (proliferation  rate  similar  to  androgen-dependent 
CWR22)  were  compared  to  evaluate  the  possibility  that  proliferation  is  triggered  by  either  gain 
of  function  or  loss  of  suppression.  Differentially  expressed  genes  were  evaluated  further  for 
their  temporal  association  with  the  onset  of  cellular  proliferation  using  northern  and  western 
analysis  and  immunohistochemistry  of  a  series  of  CWR22  tumors  that  spanned  the  transition 
from  androgen-dependent  to  recurrent  growth. 

RESULTS.  Subtractive  hybridization  identified  11  candidate  genes  from  among  1,057  clones 
examined.  Northern  analysis  confirmed  differential  expression  of  8  genes.  Western  analysis 
revealed  an  association  between  tomoregulin,  translation  elongation  factor-la  (EF-la),  Mxi-1, 
and  thioredoxin-binding  protein  2/  vitamin  D  up-regulated  protein,  and  the  onset  of  recurrent 
growth.  Immunohistochemistry  revealed  expression  of  tomoregulin,  EF-la,  Mxi-1,  and  thiore- 
doxin  reductase-1  coincidental  with  the  onset  of  cellular  proliferation  on  day  1 20  after  castration. 
CONCLUSIONS.  One  or  more  of  these  genes  may  represent  an  appropriate  target  to  prevent, 
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INTRODUCTION 

An  American  man  is  diagnosed  with  prostate 
cancer  (CaP)  every  3  min  and  dies  from  the  disease 
every  17  min  [1].  Although  increased  public  awareness 
of  CaP  and  use  of  early  detection  strategies  employing 
serum  prostate-specific  antigen  (PSA)  has  increased 
the  frequency  of  detection  and  treatment  of  organ- 
confined  CaP,  many  men  still  present  with  advanced 
CaP  or  suffer  recurrence  after  potentially  curative 
therapy.  For  these  men,  CaP  may  be  palliated  with 
androgen  deprivation  therapy.  CaP  undergoes  apop¬ 
tosis  and  regression  following  androgen  deprivation 
but  recurs  despite  the  absence  of  testicular  androgens. 
Many  investigators  are  comparing  androgen-depen¬ 
dent  and  recurrent  CaP  in  clinical  specimens  or  cell 
lines  using  molecular  approaches.  These  experiments 
may  identify  many  genes  whose  expression  is  altered, 
only  a  few  of  which  are  critical  for  the  development  of 
recurrent  growth. 

The  CWR22  human  CaP  xenograft  retains  the  bio¬ 
logical  characteristics  exhibited  by  most  human  CaPs, 
including  regression  following  castration  and  recur¬ 
rence  several  months  after  the  removal  of  androgen 
[2-4].  Previous  reports  described  mRNA  transcripts 
that  were  identified  using  differential  expression 
analysis  that  were  down-regulated  in  androgen-with¬ 
drawn  CWR22  but  up-regulated  in  recurrent  CWR22 
despite  the  continued  absence  of  androgen  [5,6]. 

Our  hypothesis  is  that  the  onset  of  CaP  cellular 
proliferation  after  castration  is  associated  with  critical 
changes  in  gene  expression  that  provide  a  novel  target 
for  therapy.  We  used  subtracted  cDNA  libraries  to 
identify  genes  uniquely  associated  with  cellular  pro¬ 
liferation  in  the  CWR22  model  by  comparing  non¬ 
proliferating  and  proliferating  tumors.  Differentially 
expressed  genes  were  evaluated  for  temporal  associa¬ 
tion  with  the  onset  of  recurrent  cellular  proliferation 
using  northern  and  western  analyses  and  immunohis- 
tochemistry. 

MATERIALS  AND  METHODS 
Transplantation  of  CWR22  Tumors 

Nude  mice  were  purchased  from  Harlan  Sprague 
Dawley,  Inc.,  Indianapolis,  IN.  One  million  cells  sus¬ 
pended  in  Matrigel®  (Collaborative  Research  Inc., 
Bedford,  MA)  were  injected  subcutaneously  into  nude 
mice  4-5  weeks  of  age.  A  12.5  mg  sustained-release 
testosterone  pellet  (Innovative  Research  of  America, 
Sarasota,  FL)  was  placed  subcutaneously  in  each 
animal  2  days  before  tumor  injection  and  every 
3  months  thereafter  to  maintain  consistent  serum 
levels  of  testosterone  of  approximately  4  ng/ ml.  After 
tumors  reached  volume  1  cm3,  animals  were  castrated 


and  testosterone  pellets  removed.  Intact  mice  b£armg 
tumors  and  castrated  animals  with  either  regressed  or 
recurrent  CWR22  tumors  were  sacrificed  by  cervicaf 
dislocation  and  tumors  were  resected  and  immedi¬ 
ately  frozen  under  liquid  nitrogen  or  fixed  in  formalin 
and  embedded  in  paraffin.  For  cDNA  library  con¬ 
struction,  CWR22  tumors  were  obtained  from  four 
mice  on  day  20  after  castration  (no  cellular  prolifera¬ 
tion),  four  20-day  castrate  mice  treated  with  subcuta¬ 
neous  testosterone  propionate  (TP)  1  mg/mouse  for 
48  hr  and  six  mice  5  mo  after  castration  (recurrent 
CWR22)  (increased  cellular  proliferation). 

RNA  Isolation 

Total  RNA  was  isolated  from  20-day  castrate 
CWR22  and  recurrent  CWR22  using  guanidine-thio¬ 
cyanate  and  ultracentrifugation  through  a  CsCl  cush¬ 
ion  [7].  Poly  (A)  mRNA  was  purified  from  total  RNA 
using  Oligotex  mRNA  Midi  Spin-Columns  and  the 
manufacturer's  protocol  (Qiagen  Inc.,  Valencia,  CA). 
The  quality  of  total  RNA  and  poly  (A)  mRNA  was 
confirmed  using  northern  blot  analysis  [8]. 

cDNA  Library  Construction 

Two  jig  of  poly  (A)  mRNA  from  CWR22  tumors 
from  20-day  castrate  mice,  recurrent  CWR22  tumors 
from  150-day  castrate  mice  and  human  skeletal 
muscle  (control)  were  used  to  perform  three  sub¬ 
tractive  hybridizations.  One  subtraction  enriched  for 
genes  overexpressed  in  recurrent  CWR22  tumors 
compared  to  CWR22  tumors  from  20-day  castrate 
mice  and  the  second  subtraction  identified  genes 
suppressed  in  recurrent  CWR22  tumors  compared  to 
CWR22  tumors  from  20-day  castrate  mice.  Both 
subtractions  and  the  control  subtraction  were  per¬ 
formed  using  the  PCR-Select  cDNA  Subtraction  Kit 
(Clontech,  Palo  Alto,  CA)  and  the  manufacturer's 
directions.  PCR  products  were  amplified  using 
thermal  cycling  conditions:  94°C  for  30  sec,  66°C  for 
30  sec,  and  72°C  for  1.5  min  for  27  cycles  (initial)  and 
11  cycles  (nested  PCR).  The  average  PCR  product 
insert  size  was  0.5  kb  as  determined  by  agarose  gel 
electrophoresis.  PCR  products  were  purified  using 
QIAquick  PCR  Purification  Kit  (Qiagen  Inc.).  Purified 
nested  PCR  products  from  each  subtracted  cDNA 
library  were  ligated  separately  into  the  pGEM-T  Easy 
Vector  System  11  (Promega  Corp.,  Madison,  WI)  and 
transformed  into  JM109  high  efficiency  competent 
cells  (Promega  Corp.).  Transformed  cells  were  plated 
on  Luria-Bertani/Ampicillin/5-bromo-4-chloro-3-in- 
dolyl  p-D-galactopyranoside  /  isopropyl  p-D-thioga- 
lactopyranoside  plates.  Plasmids  containing  inserts 
were  identified  using  blue/ white  screening  and  DNA 
was  prepared  from  white  colonies. 
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,  cDNA  Library  Screening 

+  DNA  samples  were  diluted  in  1 .0  M  Tris-EDTA,  pH 
8.0  (TE),  and  denatured  in  3.6  M  NaOH/90  mM  EDTA 
(final  0.4  M  NaOH/10  mM  EDTA),  incubated  10  min 
at  90°C  and  transferred  to  ice.  DNA  samples  (420  pi) 
were  blotted  onto  Zeta  Probe®  nylon  membranes 
(Bio-Rad  Laboratories,  Hercules,  CA)  using  a  vacuum 
manifold  apparatus.  Two  controls  were  included;  a 
religated  vector  served  as  negative  control  and  gly- 
ceraldehyde  phosphate  dehydrogenase  (GAPDH) 
cDNA  served  as  positive  control.  Multiple  membranes 
were  prepared  in  duplicate,  UV  cross-linked  and  rins¬ 
ed  in  2  x  standard  sodium  citrate  (SSC)  for  30  sec.  Slot 
blot  membranes  were  pre-hybridized  in  10  ml  hybri¬ 
dization  solution  (5  x  SSC,  5  x  Denhardts,  1%  sodium 
dodecyl  sulfate  [SDS]  and  100  pg/ml  salmon  sperm 
DNA)  at  68°C  for  60  min.  1  pg  of  poly  (A)  mRNA  from 
CWR22  tumors  from  20-day  castrate  mice  and  recur¬ 
rent  CWR22  tumors  was  radiolabeled  as  first  strand 
cDNA  by  random  priming  with  32P-dCTP,  heat  dena¬ 
tured,  mixed  with  hybridization  solution  at  10  cpm/ 
1,  and  hybridized  to  the  membrane  at  68°C  overnight. 
After  hybridization,  blots  were  washed  in  2  x  SSC, 
0.1%  SDS  followed  by  1  hr  at  50°C  in  0.1  x  SSC, 
0.1%  SDS.  After  washing,  membranes  were  exposed  to 
X-ray  film  (Eastman  Kodak  Co.,  Rochester,  NY)  with 
an  intensifying  screen  at  — 80°C.  Autoradiographs  of 
duplicate  blots  hybridized  to  recurrent  CWR22  and 
20-day  castrate  CWR22  probes  were  then  analyzed  to 
identify  bands  resulting  from  differential  hybridiza¬ 
tion  to  the  two  probes. 


DNA  Sequencing 

Differentially  expressed  clones  were  amplified  with 
M13  forward  (5'  TGTAAAACGACGGCCAGT  3')  and 
Ml  3  reverse  (5'  CAGGAAACAGCTATGAC  30  pri¬ 
mers  using  thermal  cycling  conditions:  95°C  for  8  min 
(hot  start),  94°C  for  1  min,  55°C  for  1  hr  30  min,  72°C 
for  2  min  for  30  cycles  followed  by  a  72°C  10  min 
extension.  DNAs  were  purified  using  Microcon 
Centrifugal  Filter  Devices  (Millipore  Corporation, 
Bedford,  MA)  and  sequenced  by  the  University  of 
North  Carolina-Chapel  Hill  Automated  DNA  Sequen¬ 
cing  Facility  on  a  Model  377  DNA  Sequencer  (Perkin 
Elmer,  Applied  Biosystems  Division,  Foster  City,  CA) 
using  the  ABI  PRISM™  Dye  Terminator  Cycle  Se¬ 
quencing  Ready  Reaction  Kit  with  AmpliTaq  DNA 
Polymerase,  FS  (Perkin  Elmer).  DNA  sequences  were 
analyzed  using  Genetics  Computer  Group  software 
(Wisconsin  Package  Version  10.2,  Genetics  Computer 
Group,  Madison,  WI)  and  compared  to  sequences  in 
Gen-Bank  (National  Center  for  Biotechnology  Infor¬ 
mation,  Bethesda,  MD). 


Northern  Analysis 

DNAs  from  the  11  candidate  genes  were  amplified 
with  T7/SP6  primers  (Promega  Corp.)  using  thermal 
cycling  conditions  95°C  for  8  min,  94°C  for  1  min,  46°C 
for  1  min,  and  72°C  for  1  min  30  sec  for  30  cycles 
followed  by  a  10  min  extension  at  72°C.  PCR  products 
were  purified  using  microspin  filter  tubes  (Whatman, 
Markson,  WA).  Ten  pg  of  total  RNA  each  from 
androgen-dependent  CWR22  tumors,  CWR22  tumors 
from  20-day  castrate  mice,  CWR22  tumors  from 
20-day  castrate  mice  treated  with  TP  48  hr,  and  re¬ 
current  CWR22  were  glycosylated  and  fractionated 
through  1%  agarose  gels  and  transferred  to  Biotrans 
nylon  neutral  membrane  (ICN  Biomedicals,  Inc, 
Aurora,  OH).  Purified  cDNA  (12.5  ng)  was  labeled 
with  [32P]-dCTP  (Amersham  Corp.,  Arlington  Heights, 
IL)  by  random  priming  (Boerhringer  Manheim, 
Indianapolis,  IN).  Membranes  were  hybridized  in 
aqueous  solution  (5  x  SCC,  5  x  Denhardt  solution, 
1%  SDS,  and  100  pg/ml  salmon  sperm  DNA)  over¬ 
night  at  68°C.  After  washing  at  50°C  for  1  hr  in  0.1  x 
SSC,  0.1%  SDS,  the  membranes  were  exposed  to  X-ray 
film  (Eastman  Kodak  Co.,  Rochester,  NY)  with  an 
intensifying  screen  at  -80°C.  Quantitation  of  mRNA 
transcript  levels  was  performed  by  scanning  Northern 
blots  with  an  Ultroscan  XL  Densitometer  (LKB, 
Uppsala,  Sweden).  RNA  loading  differences  were 
normalized  by  scanning  the  same  blots  subsequently 
hybridized  with  an  18S  ribosomal  RNA  cDNA. 

Western  Analysis 

Frozen  androgen-stimulated  CWR22  tumors,  recur¬ 
rent  CWR22  tumors,  and  tumors  from  various  inter¬ 
vals  after  castration  (100  mg)  were  pulverized  in  liquid 
nitrogen,  allowed  to  thaw  on  ice,  and  mixed  with 
1.0  ml  of  radioimmunoprecipitation  assay  (RIPA)  buf¬ 
fer  with  protease  inhibitors  (PBS,  1%  NP40,  0.5% 
sodium  deoxycholate,  0.1%  SDS,  0.5  mM  phenyl- 
methylsulfonyl  fluoride,  10  pM  pepstatin,  4  jiM  apro- 
tinin,  80  pM  leupeptin,  and  5  mM  benzamidine). 
Tissue  was  homogenized  on  ice  for  30  sec  using  a 
Biohomogenizer  (Biospec  Products,  Inc.,  Bartlesville, 
OK),  2  pi  of  0.2  M  phenylmethylsulfonyl  fluoride  was 
added  and  homogenates  were  incubated  30  min  on 
ice.  Lysates  were  centrifuged  at  10,000g  for  20  min  and 
supernatants  were  collected  and  centrifuged  again  to 
prepare  final  lysates.  Supernatant  protein  (100  pg) 
from  each  sample  was  electrophoresed  in  12%  SDS- 
polyacrylamide  gels,  electroblotted  to  Immobilon-P 
membrane  (Millipore  Corp.,  Bedford,  MA)  and  im- 
munodetected.  Antibodies  were  available  for  tomo- 
regulin  [9]  and  purchased  for  thioredoxin  reductase-1, 
a  member  of  the  thioredoxin-binding  protein  2/ 
vitamin  D  up-regulated  protein  TBP2  family  (TBP2) 
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for  which  antibodies  are  commercially  available 
(Upstate  Biotechnology,  Lake  Placid,  NY),  and  transla¬ 
tion  elongation  factor-la  (EF-la)(Upstate  Biotechnol¬ 
ogy).  Tomoregulin  and  thioredoxin  reductase-1 
monoclonal  antibodies  were  used  at  1:2,500  dilution 
and  EF-la  monoclonal  antibody  was  used  at  1:5,000 
dilution.  A  mouse  monoclonal  and  a  goat  polyclonal 
antiserum  raised  against  Mxi-1  were  used  in  Western 
blot  analysis  and  created  high  backgrounds  preventing 
the  visualization  of  a  specific  Mxi-1  band.  IgG  was 
detected  using  goat-anti-mouse  secondary  antibody 
conjugated  to  horseradish  peroxidase  (Amersham 
Corp.,  Arlington  Heights,  IL)  and  enhanced  chemilu¬ 
minescence  (DuPont  NEN  Research  Products,  Boston, 
MA).  For  protein  loading  controls,  representative  blots 
were  stripped  of  antibody  by  incubating  in  0.2  M 
NaOH  for  20  min  followed  by  incubation  with  anti- 
MAP  kinase  (ERK2)  polyclonal  antibody  (Upstate 
Biotechnology,  Lake  Placid,  NY)  at  1:2,500  dilution. 


Immunohistochemistry 

Paraffin-embedded  CWR22  tissue  arrays  were  con¬ 
structed  that  included  all  intervals  after  castration 
indicated  above  and  appropriate  controls.  CWR22  tis¬ 
sue  arrays  were  cut  into  6  pm-thick  histologic  sections. 
MIB-1  monoclonal  antibody  (Oncogene,  Cambridge, 
MA)  reacts  with  the  cell  cycle-associated  antigen  Ki-67 
expressed  during  the  proliferative  phases  (Gl,  S,  G2, 
and  M)  but  absent  in  the  resting  phase  (G0)  of  the  cell 
cycle  [10].  MIB-1  was  diluted  1:50  and  sections  were 
incubated  for  120  min  at  37°C.  Slides  were  incubated 
in  biotinylated  anti-mouse  IgG  (Vector  Laboratories, 
Inc.,  Burlingame,  CA)  at  1:200  dilution  and  in  horse¬ 
radish  peroxidase-conjugated  avidin-biotin  complex 
(ABC)  (Vector)  at  1:200  dilution.  The  immuno-perox- 
idase  complexes  were  visualized  using  0.75  mg/ml 
diaminobenzidine  tetrahydrochloride  (DAB)  (Vector) 
for  8  min  at  37°C.  Colon  cancer  tissue  served  as  posi¬ 
tive  controls  and  0.5  pg/ml  non-immune  mouse  IgG 
was  used  instead  of  MIB-1  monoclonal  antibody  at  the 
same  IgG  concentration  for  negative  control  slides 
prepared  from  the  same  tissue  blocks  as  specimens; 
negative  control  slides  were  non-reactive.  For  tomo¬ 
regulin,  IHC  was  optimized  [11]  for  standard  sections 
using:  AR  10  antigen  retrieval  solution  (Biogenex,  San 
Ramon,  CA)  in  a  vegetable  steamer,  M.O.M.  M  (Vector 
Laboratories  Inc.,  Burlingame,  CA)  to  block  mouse 
tissues  adjacent  to  or  part  of  CWR22  tumors,  primary 
antibody  at  1:800  dilution,  biotinylated  anti-mouse 
IgG  at  1:200  dilution,  ABC  for  detection  and  DAB  for 
visualization.  For  EF-la  and  Mxi-1,  conditions  were 
the  same  except  primary  antibodies  were  used  at  1:400 
dilution.  For  thioredoxin  reductase-1,  IHC  was  opti¬ 
mized  using  citra  antigen  retrieval,  primary  antibody 


at  1:600  dilution  and  biotinylated  anti-rabbit  IgG,  at 
1:200  dilution.  « 


RESULTS 

Subtractive  Hybridization 

cDNA  libraries  from  CWR22  tumors  from  20-day 
castrate  mice  (non-proliferating  cells)  and  recurrent 
CWR22  tumors  (proliferating  cells)  were  compared 
using  subtractive  hybridization.  Duplicate  slot  blots 
containing  subtracted  library  DNAs  were  probed  with 
radiolabeled  first  strand  cDNA  from  CWR22  tumors 
from  20-day  castrate  mice  and  recurrent  C WR22  tumors 
to  evaluate  differences  in  gene  expression.  A  total  of 
1,057  clones  were  examined  in  two  screenings  of  both 
subtracted  libraries.  Eleven  DNAs  representing  differ¬ 
entially  expressed  genes  were  sequenced  and  com¬ 
pared  with  known  gene  sequences.  Androgen  receptor 
and  glyceraldehyde-3-phosphate  dehydrogenase  were 
identified.  Ten  of  the  differentially  expressed  genes 
had  homology  to  known  transcripts  identified  pre¬ 
viously:  Mxi-1,  a  transcriptional  regulator  from  the 
Myc  family  [12,13];  EF-la  [14,15];  a  human  chromo¬ 
some  3  gene  that  encodes  an  arginine-rich  protein; 
tomoregulin  [9];  carcinoembryonic  antigen  (CEA)  [16]; 
TBP2  [17,18];  a  1  gene  sequence  with  homology  to 
sperm  antigen-36  (HSA-36)  [19];  MHC  class  III;  tRNA 
synthetase  and  human  ribosomal  protein  S10.  One 
unknown  gene  had  homology  to  DNA  sequence  on 
human  chromosome  22. 

Northern  Analysis 

Northern  blot  analysis  using  tumor  RNAs  from 
androgen-stimulated  CWR22,  CWR22  from  20-day 
castrate  mice,  CWR22  tumors  from  20-day  castrate  + 
48  hr  TP  and  recurrent  CWR22  tumors  was  used  to 
confirm  differential  gene  expression  between  tumors 
after  short-term  (20  days  after  castration  =  not  prolif¬ 
erating  in  androgen  absence)  and  long-term  (150  days 
after  castration  =  proliferating  in  androgen  absence) 
castration  (Fig.  1).  Tomoregulin,  EF-la,  Mxi-1,  HSA-36 
and  human  ribosomal  protein  S10  were  proliferation- 
associated  and  not  androgen-regulated  whereas  TBP2, 
MCH  class  III  and  tRNA  synthetase  were  both  pro¬ 
liferation-associated  and  androgen-regulated.  RNAs 
either  increased  slightly  (MHC  class  III,  tRNA  synthe¬ 
tase,  HSA-36)  or  5-fold  (tomoregulin,  Mxi-1)  in  re¬ 
current  tumors  compared  with  tumor  RNA  from 
20  day  castrated  mice.  Other  RNAs  decreased  slightly 
(EF-la,  human  ribosomal  protein  S10)  or  75%  (TBP2) 
when  recurrent  CWR22  tumors  were  compared  to 
tumors  from  20-day  castrate  CWR22  mice.  MHC  class 
III  and  tRNA  synthetase  RNAs  increased  2-fold  and 
TBP2  RNA  decreased  2-fold  when  20-day  castrate 


Gene  Expression  in  Prostate  Cancer  251 


Tomoregulin 

EF-1a 

TBP2 

Mxil 

18S  rRNA 


Fig.  I.  Northern  blot  analysis  of  gene  expression  in  CWR22 
tumors.  Total  RNA  (10  pg/ lane)  extracted  from  CWR22  tumors 
was  analyzed  by  Northern  blot  analysis  on  1.0%  agarose  gels,  using 
PCR  fragments  of  the  DNAs  of  interest  labeled  with  [32P]dCTP. 
CWR22 ,  CWR22  tumors  from  intact  male  mice;  20d  CX,  CWR22 
tumors  from  20 -day  castrate  mice;  TP,  testosterone  propionate; 
recurrent ,  CWR22  tumors  5  months  after  castration.  I8S  rRNA 
was  used  as  a  loading  control.  Results  are  representative  of  two 
independent  experiments. 


CWR22  tumors  were  stimulated  with  48  hr  TP.  Thus, 
of  11  candidate  genes  identified  using  subtractive 
hybridization.  Northern  analysis  confirmed  8  genes 
were  temporally  associated  with  cellular  proliferation 
in  the  CWR22  model,  of  which  3  were  androgen- 
regulated  (MHC  class  III,  tRNA  synthetase,  and  TBP2) 
and  5  were  not  changed  with  androgen  treatment 
(human  ribosomal  protein  S10,  HSA-36,  tomoregulin, 
EF-la,  and  Mxi-1). 

Western  Analysis 

Tomoregulin  expression  was  highest  in  androgen- 
stimulated  and  recurrent  CWR22  tumors  and 
increased  after  48  hr  TP  treatment  of  6-day  castrate 
mice  (Fig.  2).  EF-la  protein  levels  were  reduced  on  day 
12  after  castration  and  remained  low  on  day  32  after 
castration  (not  shown).  EF-la  levels  in  recur¬ 
rent  CWR22  were  similar  to  those  in  androgen- 
stimulated  CWR22.  Thioredoxin  reductase-1  protein 
levels  in  CWR22  tumors  decreased  slightly  on  day  6 
after  castration  and  increased  2  fold  after  TP  treatment 
of  a  6-day  castrate  mouse.  Thioredoxin  reductase-1 
was  barely  detectable  on  days  12,  32,  and  64  after 
castration  and  remained  low  in  recurrent  CWR22 
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Fig.  2.  Immunoblot  analysis  of  CWR22  tumor  lysates.  100  jig 
protein  samples  were  separated  by  electrophoresis  on  12%  polya¬ 
crylamide  gels  and  electroblotted  to  nitrocellulose  membranes. 
Immunoblots  were  incubated  with  antibodies  to  tomoregulin, 
EF-la,  thioredoxin  reductase- 1,  and  MAP  kinase  ERK2.  CWR22 , 
tumors  from  intact  male  mice;  6d  CX,  CWR22  tumors  from  6 -day 
castrate  mice;  TP,  testosterone  propionate;  /2dCX,CWR22tumors 
from  12-day  castrate  mice;  recurrent ,  CWR22  tumors  5  months 
after  castration.  The  positions  of  molecular  mass  markers  (kDa) 
are  indicated.  Results  are  representative  of  2-3  independent 
experiments  for  each  antibody. 

tumor  lysates.  Due  to  nonspecific  reactivity  of  Mxi-1 
antibodies.  Western  blot  results  are  not  presented. 

Immunohistochemistry 

Immunohistochemistry  for  tomoregulin,  EF-la 
and  thioredoxin  reductase-1  confirmed  northern  and 
western  analyses;  selected  images  demonstrate  these 
findings  (Fig.  3).  Expression  of  tomoregulin  (Row  1), 
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EF-la  (Row  2),  Mxi-1  (Row  3)  and  thioredoxin 
reductase-1  (Row  4)  was  similar  in  androgen-stimu¬ 
lated  (Column  3)  and  recurrent  CWR22  (Column  6). 
Immunohistochemistry  in  CWR22  tumors  for  the  4 
genes  was  similar  to  their  expression  in  clinical  spe¬ 
cimens  of  androgen  dependent  CaP  (Column  1)  and 
recurrent  CaP  (Column  2).  In  CWR22  tumors,  im- 
munostaining  for  tomoregulin,  EFla  and  Mxi-1  was 
reduced  on  day  20  after  castration  (Column  4).  On  day 
120  after  castration,  tomoregulin  and  thioredoxin  re¬ 
ductase-1  had  increased  immunostaining  compared  to 
tumors  from  20  day  castrated  mice.  Re-expression  of 
these  genes  occurred  coincidentally  with  the  develop¬ 
ment  of  small  foci  of  proliferating  cells  recognized 
using  MIB-1  to  immunostain  Ki-67  antigen  (Row  5). 

DISCUSSION 

Subtractive  hybridization  was  used  to  identify  11 
transcripts  expressed  in  intact  mice  bearing  CWR22 
tumors  and  castrated  mice  bearing  recurrent  CWR22 
tumors  but  not  in  regressed  tumors.  Northern  analysis 
confirmed  temporal  association  with  tumor  growth 
before  and  after  castration  for  eight  of  these  candi¬ 
dates:  five  that  were  proliferation-associated  and  not 
androgen-regulated  (tomoregulin,  EF-la,  Mxi-1,  HAS- 
36  and  human  ribosomal  protein  S10)  and  three  that 
were  proliferation-associated  and  androgen-regulated 
(TBP2,  MHC  class  III,  and  tRNA  synthetase).  In  order 
to  evaluate  these  candidate  genes  further,  antibodies 
were  used  for  immunohistochemical  comparison  of 
protein  expression  and  cellular  localization  during  the 
transition  from  androgen-stimulated  to  recurrent  CaP. 
In  a  previous  study  [20],  we  used  MIB1  detection  of  Ki- 
67  and  automated  video  image  analysis  of  paraffin 
sections  of  CWR22  xenograft  tumors  obtained  prior  to 
and  at  intervals  after  castration  until  tumor  recurrence 
to  determine  the  onset  of  cellular  proliferation  after 
castration.  Cellular  proliferation  was  undetectable  by 
image  analysis  until  120  days  after  castration  when 
visual  inspection  revealed  multiple  foci  of  proliferat¬ 
ing  cells.  The  onset  of  cellular  proliferation  coincided 
with  an  increase  (P  =  0.01)  in  serum  PSA  from  11.1  ± 
1.8  ng/ml  on  day  90  after  castration  to  21.3  ±4.1  ng/ 
ml  on  day  120  after  castration.  In  addition,  the  foci  of 
proliferating  cells  expressed  increased  levels  of  PSA 
when  adjacent  sections  were  stained  for  Ki-67  and 
PSA.  The  appearance  of  proliferating  tumor  cells  that 
expressed  PSA  120  days  after  castration  indicated  that 
these  foci  might  be  the  precursors  of  recurrent  tumors. 
Therefore,  further  evaluation  of  candidate  genes  re¬ 
quired  Western  and  immunohistochemical  compari¬ 
son  of  proliferating  CWR22  tumors  prior  to,  120  days 
after  and  upon  recurrence  after  castration  and  non¬ 
proliferating  CWR22  tumors  regressed  after  castration. 


t; 

In  earlier  studies,  differential  expression  analysis 
was  used  to  identify  transcripts  that  were  down-** 
regulated  upon  castration  but  upregulated  in  re¬ 
current  CWR22  despite  the  continued  absence  of 
androgen  [5],  Androgen-regulated  mRNAs  included 
Nkx3.1,  human  glandular  kallikrein  2  (hK2),  insulin¬ 
like  growth  factor  binding  protein-5  (IGFBP-5), 
a-tubulin,  a-enolase  and  PSA,  all  of  which  were 
down-regulated  in  CWR22  following  castration  and 
up-regulated  in  recurrent  CWR22  in  the  continued 
absence  of  androgen.  IGFBP-5  expression  was  char¬ 
acterized  further  using  Western  blotting,  ligand  blot¬ 
ting,  and  immunohistochemistry  that  revealed  IGFBP- 
5  was  more  highly  expressed  in  CaP  compared  to 
benign  prostatic  hyperplasia  (BPH)  or  high-grade  pro¬ 
static  intraepithelial  neoplasia  (PIN)  [6].  Androgen 
regulation  of  cell  cycle  proteins  CDK1  and  CDK2,  and 
cyclins  A,  Bl,  and  D1  in  CWR22  tumors  was  de¬ 
monstrated  using  ribonuclease  protection  assays  and 
Western  blot  analysis.  CDKlxyclin  Bl  and  CDK4:cy- 
clin  D1  protein  complex  formation  and  Rb  phosphor¬ 
ylation  were  also  shown  to  be  androgen  regulated 
using  co-immunoprecipitation  and  in  vitro  kinase 
assays,  respectively  [21].  We  recently  found  that  a 
majority  of  recurrent  prostate  cancers  express  high 
levels  of  two  nuclear  receptor  coactivators,  transcrip¬ 
tional  intermediary  factor  2  (TIF2)  and  steroid  receptor 
coactivator  1  (SRC1).  Overexpression  of  these  coacti¬ 
vators  increased  AR  transactivation  at  physiological 
concentrations  of  adrenal  androgen  [22].  Finally,  RNAs 
were  prepared  from  CWR22  tumors  from  intact  mice, 
mice  with  recurrent  tumors  and  mice  on  days  6  and  12 
after  castration.  cDNA  microarray  screening  (using 
the  Atlas  Human  1.2  Array,  Clontech)  identified  ap¬ 
proximately  250  (of  1,200)  genes  that  are  expressed 
differentially  after  castration  or  upon  recurrence  in 
CWR22  (unpublished  data).  In  order  to  focus  upon 
clinically  relevant  genes  responsible  for  CaP  recur¬ 
rence  after  castration  instead  of  the  large  number 
of  androgen-regulated  genes,  we  sought  to  identify 
genes  uniquely  associated  with  proliferation  by  com¬ 
parison  of  tumors  that  exist  in  androgen  absence  but 
differ  in  proliferative  capacity. 

Of  the  eight  candidate  genes  identified  by  sub¬ 
tractive  hybridization  and  confirmed  by  northern 
analysis,  two  were  expected  to  be  associated  generally 
with  growth  (ribosomal  protein  S10  and  tRNA 
synthetase),  one  was  conceptually  unlikely  to  be 
growth-regulatory  (MHC  class  III  gene),  one  has  only 
partial  sequence  known  (HSA-36)  and  antibodies  were 
not  available  for  TBP2  gene  products.  The  expression 
level  of  thioredoxin  reductase-1  was  examined  since 
antibody  was  available  to  this  downstream  effector 
molecule  in  the  thioredoxin-signaling  pathway. 
Tomoregulin,  EF-la  and  thioredoxin  reductase-1  were 
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expressed  in  CWR22  tumors  on  day  120  after  castra¬ 
tion,  androgen-stimulated  CWR22  and  recurrent 
CWR22  but  not  in  regressed  tumors. 

Tomoregulin,  a  novel  EGF-like  protein,  was  cloned 
from  a  stomach  fibroblast  cDNA  library  by  screening 
for  EGF-like  domains  of  the  EGF  and  neuregulin 
family  [9].  Tomoregulin  is  expressed  in  gastric  cancer 
cell  lines,  brain  and  gastric  tissues  and  developing 
embryos  at  middle  to  late  stages.  Tomoregulin  may 
have  many  functions;  it  may  serve  as  a  ligand  for  erbB- 
receptor,  regulate  TGF-(3-related  growth  factor  signal¬ 
ing  and  mediate  cell  signaling  through  G-protein 
activation.  Tomoregulin's  relevance  to  CaP,  general¬ 
ly,  and  the  development  of  androgen-independent 
growth,  specifically,  is  suggested  by  its  similarity  to 
EGF.  EGF  is  androgen-regulated,  expressed  in  large 
amounts  in  both  benign  and  malignant  prostate  tis¬ 
sues  and  fluids  and  is  strongly  mitogenic  (reviewed  in 
[23]).  Immunohistochemical  studies  of  clinical  speci¬ 
mens  have  led  to  the  suggestion  that  androgen-stimu¬ 
lated  CaP  may  have  a  paracrine  pattern  of  EGF  and 
TGF-a  stimulation  whereas  recurrent  CaP  may  exhibit 
a  shift  toward  autocrine  growth  factor  loops  [23].  In 
vitro  studies  using  normal  prostatic  epithelial  cells,  the 
androgen-sensitive  LNCaP  and  androgen-indepen- 
dent  DU145  and  PC3  human  CaP  cell  lines  have  sug¬ 
gested  that:  (1)  the  EGF  receptor  is  expressed  and  auto- 
phosphorylated  at  higher  levels  in  DU145  and  PC3 
than  LNCaP  and  normal  epithelial  cells  and  may 
contribute  to  androgen-independent  growth  [24];  (2) 
EGF  and  IGF-I  activate  intracellular  signaling  path¬ 
ways  that  converge  at  MAPK  p42/ERK2  that  is  con- 
stitutively  activated  in  DU145  but  not  LNCaP  [25];  and 
(3)  blockade  of  the  EGF  receptor  attenuates  the  ac¬ 
tions  of  both  EGF  and  IGF-I,  acts  through  both  the 
MAPK  and  PKA  pathways,  and  may  provide  novel 
targets  for  treatment  of  recurrent  CaP  [26].  Our  finding 
from  Northern  and  Western  analysis  suggests  that 
tomoregulin  may  be  translationally  regulated  but  not 
transcriptionally  regulated  by  androgen.  Increased 
tomoregulin  protein  expression  in  recurrent  tumors 
and  tumors  from  6-day  castrate  mice  treated  with 
testosterone  for  48  hr  parallels  the  expression  of  andro¬ 
gen  receptor  [5,22].  This  may  result  from  stabilization 
of  tomoregulin  protein  or  decreased  proteolysis  in 
the  presence  of  androgen.  Antibody  neutralization  of 
the  protein  may  be  an  effective  method  of  preventing 
tomoregulin  activity  in  prostate  cancer. 

EF-loc  has  been  shown  to  be  an  important  regulator 
of  the  cell  cycle  and  is  over-expressed  in  tumor  tissues 
[14].  Overexpression  of  EF-la  caused  several  cell  lines 
to  become  highly  susceptible  to  chemical  or  ultra¬ 
violet  light  induced  transformation  [15].  EF-la  has  a 
truncated  homologue  in  CaP  known  as  prostate  tumor 
inducing  gene-1  (PTI-1)  [27].  EF-la  may  be  an  im- 
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portant  modulator  of  recurrent  prostate  cancer  Jell 
growth. 

TBP2,  cloned  recently  [17,18],  was  found  identical 
to  vitamin  D-upregulated  1  protein  that  was  originally 
reported  as  an  up-regulated  gene  in  HL-60  cells 
treated  with  1,  25-dihydroxy  vitamin  D3.  The  thior- 
edoxins  (of  which  TBP2  is  a  member)  are  ubiquitous 
proteins  that  are  important  in  regulation  of  cellular 
reduction  and  oxidation  that  impacts,  among  other 
things,  DNA  binding  of  transcription  factors  including 
steroid  receptors  [28,29],  apoptosis  [30,31]  and  differ¬ 
entiation  [32]. 

Mxi-1  shares  the  pattern  of  expression  of  tomo¬ 
regulin  when  evaluated  by  northern  analysis.  Mxi-1,  a 
transcriptional  regulator  from  the  Myc  family,  was 
shown  to  be  expressed  in  CaP  and  lack  point  muta¬ 
tions  in  microdissected  cells  [12].  Myc  expression  was 
shown  to  be  elevated  in  CaP  compared  to  BPH  [13] 
and  elevated  mRNA  and  protein  expression  for  Myc 
has  been  detected  in  recurrent  CWR22  tumors  (un¬ 
published  data). 

Identification  of  critical  genes  associated  with  the 
onset  of  cellular  proliferation  after  castration  may 
provide  novel  targets  for  treatment  aimed  at  preven¬ 
tion  or  delay  of  the  onset  of  CaP  recurrence  after  andro¬ 
gen  deprivation  therapy.  Clinical  trials  are  ongoing 
exploring  agents  that  target  growth  factor  receptors 
and  cell  signaling  molecules.  Greater  specificity  and 
hence  lower  toxicity  may  be  possible  by  targeting 
individual  genes  and  their  products  that  are  expressed 
at  critical  times  in  cancer  progression.  Our  strategy  has 
identified  several  gene  targets,  at  least  three  of  which 
warrant  further  investigation  using  more  detailed 
immunohistochemical  study  of  the  onset  of  cellular 
proliferation  at  120  days  after  castration  in  the  CWR22 
model  and  other  androgen-responsive  xenografts  and 
in  vitro  testing  using  androgen-sensitive  and  andro¬ 
gen-independent  cell  lines  for  effects  of  gene  manip¬ 
ulation.  Further  study  may  yield  candidates  for 
manipulation  using  antisense  therapy  that  can  be 
tested  in  the  CWR22  model  prior  to  investigation  in 
human  patients  to  prevent  or  delay  recurrent  CaP. 
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Androgen  receptor  expression  was  analyzed  in  the 
CWR22  human  prostate  cancer  xenograft  model  to 
better  understand  its  role  in  prostate  cancer  recur¬ 
rence  after  castration.  In  androgen-dependent  tu¬ 
mors,  98.5%  of  tumor  cell  nuclei  expressed  androgen 
receptor  with  a  mean  optical  density  of  0.26  ±  0.01. 
On  day  2  after  castration  androgen  deprivation  de¬ 
creased  immunostained  cells  to  2%  that  stained 
weakly  (mean  optical  density,  0.16  ±  0.08).  Cellular 
proliferation  measured  using  Ki-67  revealed  <  1%  im¬ 
munostained  cells  on  day  6.  Androgen  receptor  im¬ 
munostained  cells  increased  to  63%  on  day  6  and  84% 
on  day  32  although  immunostaining  remained  weak. 
Cellular  proliferation  was  undetectable  beyond  day  6 
after  castration  until  multiple  foci  of  5  to  20  prolifer¬ 
ating  cells  became  apparent  on  day  120.  These  foci 
expressed  increased  levels  of  prostate-specific  anti¬ 
gen,  an  androgen  receptor-regulated  gene  product.  In 
tumors  recurrent  150  days  after  castration  androgen 
receptor-immunostaining  intensity  was  similar  to 
CWR22  tumors  from  intact  mice  although  the  percent¬ 
age  of  cells  immunostained  was  more  variable.  The 
appearance  of  proliferating  tumor  cells  that  ex¬ 
pressed  androgen  receptor  and  prostate-specific  anti¬ 
gen  120  days  after  castration  suggests  that  these  cells 
represent  the  origin  of  recurrent  tumors.  (Am  J 
Pathol  2002,  160:219-226) 

High-affinity  binding  of  dihydrotestosterone  to  androgen 
receptor  (AR)  causes  AR  to  function  as  a  transcription 
factor1,2  that  regulates  a  network  of  androgen  response 
genes  3,4  Prostate  cancer  (CaP)  is  androgen-dependent 
and  its  growth  is  mediated  by  this  AR-regulated  gene 
network.  Androgen  deprivation  causes  reduced  AR  ex¬ 


pression,5  apoptosis,  decreased  cell  volume,6  and  de¬ 
cline  of  serum  prostate-specific  antigen  (PSA).  However, 
most  CaPs  eventually  develop  the  capacity  for  recurrent 
growth  in  the  absence  of  testicular  androgen.  All  of  22 
specimens  of  testicular  androgen-independent  meta¬ 
static  CaP  showed  positive  immunohistochemical  stain¬ 
ing  for  AR  protein.7  Transurethral  resection  of  prostate 
specimens  from  10  untreated  CaP  patients  and  20  pa¬ 
tients  with  CaP  recurrent  after  androgen  deprivation  were 
compared  and  no  significant  difference  in  the  percent¬ 
age  of  AR-positive  cells  was  found.8,9  Because  AR  ex¬ 
pression  is  similar  in  androgen-dependent  and  recurrent 
CaP,  we  sought  to  understand  how  AR  expression 
changes  in  relation  to  cellular  proliferation  in  the  interval 
between  androgen  deprivation  and  tumor  recurrence. 

CWR22  is  an  androgen-dependent  human  CaP  xeno¬ 
graft  propagated  subcutaneously  in  nude  mice.  CWR22 
resembles  the  majority  of  human  CaPs;  CWR22  secretes 
PSA,  undergoes  tumor  regression  after  androgen  depri¬ 
vation,  and  recurs  as  a  palpable,  growing  and  ultimately 
lethal  tumor  after  several  months  in  the  absence  of  tes¬ 
ticular  androgen.10-13  We  demonstrated  that  recurrence 
of  CWR22  tumor  after  androgen  deprivation  was  associ¬ 
ated  with  re-expression  of  a  network  of  androgen-regu¬ 
lated  genes  including  PSA,  human  kallikrein-2,  Nkx  3.1 , 
AR  co-activator  ARA-70,  cell  cycle  genes  Cdkl  and 
Cdk23  and  insulin-like  growth  factor  binding  protein-5.14 
Recently,  Amler  and  associates15  have  reported  incom¬ 
plete  reactivation  of  the  androgen  response  pathway  de¬ 
spite  androgen  absence  in  recurrent  CWR22  using  mi¬ 
croarray  analysis.  Similar  expression  of  AR  and  these 
androgen-regulated  genes  in  androgen-dependent  and 
recurrent  CWR22  tumors  suggested  a  role  for  AR  regu- 
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lation  of  gene  expression  in  the  development  of  recurrent 
CWR22  despite  the  absence  of  testicular  androgen. 

Video  image  analysis  has  been  used  to  quantitate  AR 
expression  more  precisely  than  visual  scoring.16-19  We 
developed  an  automated  method  for  measuring  AR  ex¬ 
pression  in  individual  cells  that  was  used  to  demonstrate 
the  dependence  of  AR  protein  levels  on  serum  androgen 
levels  in  the  CWR22  model.20  In  CWR22  tumor-bearing 
mice  castrated  for  6  days,  AR  mean  optical  density 
(MOD)  decreased  to  57%  of  levels  in  tumors  from  intact 
mice.  After  72  hours  of  exogenous  testosterone  adminis¬ 
tration  to  6-day  castrated  mice,  AR  MOD  in  CWR22  re¬ 
turned  to  the  level  found  in  tumors  from  intact  mice. 
Cellular  proliferation  of  testosterone-treated  tumors 
reached  -50%  of  the  original  androgen-stimulated 
CWR22  tumors  from  intact  mice.14  These  data  suggested 
that  the  majority  of  CWR22  cells  on  day  6  after  castration 
had  functional  AR.  In  archived  radical  prostatectomy 
specimens,  AR  protein  content  was  higher  in  androgen- 
dependent,  clinically  localized  CaP  and  lower  in  prostate 
intraepithelial  neoplasia  than  benign  prostatic  hyperpla¬ 
sia  (BPH). 19,20  AR  immunostaining  intensity  was  similar  in 
androgen-stimulated  and  recurrent  tumors  from  the 
CWR22  xenograft  and  transurethral  resection  of  the  pros¬ 
tate  specimens  of  BPH;  all  tissues  were  small  volume  and 
fixed  immediately  after  procurement.20  Finally,  12  speci¬ 
mens  of  recurrent  CaP  and  16  specimens  of  BPH,  all 
acquired  by  transurethral  resection  of  the  prostate  and 
fixed  immediately,  exhibited  similar  AR  immunostaining 
(unpublished  data).  Taken  together,  these  findings  sug¬ 
gest  that  AR  is  expressed  in  androgen-stimulated  CaP, 
diminished  but  recoverable  after  castration,  and  re-ex¬ 
pressed  despite  androgen  absence  on  CaP  recurrence. 

We  sought  to  test  the  hypothesis  that  re-expression  of 
AR  coincided  with  the  onset  of  androgen-independent 
cellular  proliferation  in  CaP.  To  test  this  hypothesis,  the 
temporal  relationship  between  AR  protein  expression  and 
cellular  proliferation  was  determined  using  the  CWR22 
xenograft  model  during  tumor  regression  and  recurrence 
after  castration.  Quantitative  immunohistochemistry  and 
color  video  image  analysis  were  used  to  measure  pre¬ 
cisely  the  proportion  of  cells  expressing  AR  and  Ki-67 
and  the  intensity  of  expression  of  AR  associated  with 
response  to  androgen  deprivation  and  emergence  of  the 
recurrent  phenotype. 


Materials  and  Methods 
Research  Specimens 

Nude/nude  athymic  mice  were  purchased  from  Harlan 
Sprague-Dawley,  Inc.,  Indianapolis,  IN.  The  CWR22  tu¬ 
mor  model  has  been  maintained  by  continuous  passage 
since  December  of  1995  from  CWR22  cells  that  were  a 
gift  from  Thomas  A.  Pretlow,  MD,  PhD,  Case  Western 
Reserve  University).  CWR22  tumors  were  transplanted  as 
1  million  dissociated  cells  suspended  in  Matrigel  (Collab¬ 
orative  Research  Inc.,  Bedford,  MA)  injected  subcutane¬ 
ously  into  nude  mice  4  to  5  weeks  of  age.11,12  A  12.5-mg 
sustained-release  testosterone  pellet  (Innovative  Re- 
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search  of  America,  Sarasota,  FL)  was  placed  subcutane¬ 
ously  in  each  animal  2  days  before  tumor  injection  and 
every  3  months  thereafter  to  maintain  consistent  serum 
levels  of  testosterone  of  -4  ng/ml.  After  tumors  reached 
a  volume  of  1  cm3,  animals  were  anesthetized  with  me- 
thoxyflurane,  castrated,  and  the  testosterone  pellets  re¬ 
moved.  Intact  mice  bearing  tumors  and  castrated  ani¬ 
mals  with  either  regressed  or  recurrent  CWR22  tumors 
were  exposed  to  methoxyflurane  and  sacrificed  by  cer¬ 
vical  dislocation.  Tumor  height,  width,  and  depth  were 
measured  using  calipers  and  tumor  volume  was  calcu¬ 
lated  by  multiplying  these  three  measurements  and 
0.5234.  Tumors  were  excised  and  cut  into  several  pieces 
(-125  mm3);  half  was  frozen  in  liquid  nitrogen  and  half 
was  fixed  in  10%  buffered  formalin  for  24  to  48  hours, 
washed  in  phosphate-buffered  saline  (PBS)  for  24  hours, 
and  paraffin-embedded.  Specimens  of  BPH  prepared 
identically  were  used  as  positive  controls.  Blood  was 
obtained  on  sacrifice  of  all  tumor-bearing  mice  for  mea¬ 
surement  of  serum  PSA. 


Immunohistochemistry 

The  avidin-biotin-immunoperoxidase  technique21  was 
modified  for  use  in  paraffin-embedded  tissues  that  were 
immunostained  using  capillary  action  with  a  MicroProbe 
staining  station  (Fisher  Scientific,  Pittsburgh,  PA).22 
Monoclonal  antibody  (mAb)  F39.4.1  (BioGenex,  San 
Ramon,  CA)  recognizes  an  epitope  in  the  N-terminal 
region  of  human  AR.23  mAb  MIB-1  (Oncogene,  Cam¬ 
bridge,  MA)  and  polyclonal  antibody  MIB-5  (DAKO 
Corp.,  Carpinteria,  CA)  react  with  the  cell  cycle-associ¬ 
ated  antigen  Ki-67  expressed  during  the  proliferative 
phases  (G„  S,  G2,  and  M)  but  absent  in  the  resting  phase 
(G0)  of  the  cell  cycle.24  mAb  A67-B/E3  (Santa  Cruz  Bio¬ 
technology,  Inc.,  Santa  Cruz,  CA)  corresponds  to  amino 
acids  1  to  261  representing  full  length  PSA  p30  of  human 
origin.25 

Paraffin-embedded  CWR22  tumor  specimens  were  cut 
into  6-/xm-thick  histological  sections.  After  deparaffiniza- 
tion  and  rehydration,  tissue  sections  were  heated  to 
100°C  for  30  minutes  in  a  vegetable  steamer  in  the  pres¬ 
ence  of  antigen  retrieval  solution  (CITRA,  pH  6.0;  Bio¬ 
Genex)  and  cooled  for  10  minutes.  Slides  were  preincu¬ 
bated  with  2%  normal  horse  serum  for  5  minutes  at  37°C 
and  washed  with  automation  buffer  (Fisher  Scientific). 

AR  mAb  was  diluted  1 :300  (0.13  /xg/ml  in  PBS  contain¬ 
ing  0.1%  bovine  serum  albumin,  pH  7.4)  and  sections 
were  stained  for  120  minutes  at  37°C.  Slides  were  incu¬ 
bated  in  biotinylated  anti-mouse  immunoglobulin  (IgG) 
(Vector  Laboratories,  Inc.,  Burlingame,  CA)  for  15  min¬ 
utes  at  37°C  (1:200  in  PBS,  pH  7.4)  and  in  horseradish 
peroxidase-conjugated  avidin-biotin  complex  (Vector 
Laboratories,  Inc.)  for  15  minutes  at  37°C  (1:100  in  PBS, 
pH  7.4).  The  immunoperoxidase  complexes  were  visual¬ 
ized  using  diaminobenzidine  tetrahydrochloride  (Vector 
Laboratories,  Inc)  for  8  minutes  at  37°C  (0.75  mg/ml  in 
Tris  buffer  containing  0.03%  hydrogen  peroxide,  pH  7.6). 
Slides  were  dehydrated  through  graded  alcohol  solutions 
and  cleaned  by  Hemo-De  xylene  substitute  (Fisher  Sci- 
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entific).  Counterstaining  was  performed  with  hematoxylin 
(Gill’s  formula,  1:6  dilution;  Fisher  Scientific)  for  12  sec¬ 
onds.  Slides  were  mounted  with  Permount  and  cover- 
slips.  Two  representative  slides  were  selected  from  each 
time  point  and  stained  with  the  polyclonal  AR  antibodies, 
AR52  and  PG-21,  following  protocols  reported  previous¬ 
ly  5,26  AR52  was  provided  by  Dr.  Elizabeth  M.  Wilson 
(University  of  North  Carolina  at  Chapel  Hill)  and  PG-21 
was  provided  by  Dr.  Gail  S.  Prins  (University  of  Illinois  at 
Chicago).  Slides  prepared  from  a  CWR22  tumor  on  day  6 
after  castration  and  human  BPH  were  included  as  exter¬ 
nal  controls  to  avoid  variation  of  immunostaining  intensity 
caused  during  staining  procedures.  Nonimmune  mouse 
IgG  (Vector  Laboratories,  Inc.)  was  used  instead  of  AR 
mAb  at  the  same  IgG  concentration  for  negative  control 
slides  prepared  from  the  same  tissue  blocks  as  speci¬ 
mens;  negative  control  slides  were  nonreactive. 

MIB-1  mAb  staining  was  performed  at  an  IgG  concen¬ 
tration  of  0.5  /xg/ml  (1:50).  All  other  steps  were  as  de¬ 
scribed  for  AR  immunostaining.  Serial  sections  adjacent 
to  the  sections  stained  for  AR  were  obtained  from  tumors 
on  day  120  after  castration  and  stained  with  MIB-1  mAb. 
Colon  cancer  tissue  served  as  positive  controls  and  0.5 
jag/mi  of  nonimmune  mouse  IgG  was  used  instead  of 
MIB-1  mAb  at  the  same  IgG  concentration  for  negative 
control  slides  prepared  from  the  same  tissue  blocks  as 
specimens;  negative  control  slides  were  nonreactive. 

PSA  mAb  (1 :50,  4  /xg/ml)  was  biotinylated  and  blocked 
in  vitro  using  the  Iso-IHC  kit  (InnoGenex,  San  Ramon,  CA) 
to  avoid  background  staining  caused  by  infiltrated  mu¬ 
rine  cells  in  CWR22  tumors  harvested  from  castrated 
animals.  Sections  were  digested  in  Proteinase-K  (20  /xg/ 
ml,  DAKO  Corp.)  for  6  minutes  at  room  temperature. 
Sections  were  incubated  in  the  blocking  solution  and 
labeled  with  PSA  mAb  for  1  hour  at  37°C  and  in  strepta- 
vidin-peroxidase  (InnoGenex)  for  5  minutes  at  37°C.  Im- 
munoreaction  was  visualized  by  diaminobenzidine  tetra- 
hydrochloride  for  8  minutes  at  37°C.  Double 
immunohistochemistry  was  performed  on  additional 
CWR22  slides  to  co-localize  PSA  expression  among  Ki- 
67-positive  tumor  cells.  Sections  were  eluted  by  glycine 
buffer  (pH  2.3)  for  5  minutes  three  times  at  room  temper¬ 
ature  and  antigen-retrieved  as  described  previously.  A 
mixture  of  normal  goat  serum  (2%)  and  avidin  (1:50  in 
PBS,  Vector  Laboratories,  Inc.)  was  used  for  blocking  for 
5  minutes  at  37°C.  Sections  were  reacted  with  MIB-5 
(1:50,  20  /xg/ml)  mixed  with  biotin  (1:50  in  PBS,  Vector 
Laboratories,  Inc.)  for  2  hours  at  37°C.  The  same  avidin- 
biotin-peroxidase  complex  technique  used  for  MIB-1  was 
performed.  Immunoreaction  was  visualized  by  3-amino- 
9-ethylcarbazole  (AEC)  (Vector  Laboratories,  Inc.)  for  10 
minutes  at  37°C.  BPH  and  CaP  specimens  were  used  as 
positive  controls.  For  the  negative  control  slide,  nonim¬ 
mune  rabbit  IgG  (Vector  Laboratories,  Inc.)  was  used 
instead  of  PSA  mAb  at  the  same  IgG  concentration; 
appropriate  biotinylated  IgGs  were  replaced  with  PBS  in 
PSA  and  MIB-5  steps  to  check  against  cross-reactions. 
Negative  control  slides  showed  neither  nonspecific  reac¬ 
tion  nor  cross-reactions. 
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Automated  Digital  Image  Analysis 

Automated  digital  image  analysis  was  performed  as  de¬ 
scribed  previously,20  Briefly,  imaging  hardware  con¬ 
sisted  of  a  Zeiss  Axioskop  microscope,  a  3-chip  charge- 
coupled  device  camera  (C5810;  Hamamatsu  Photonics 
Inc.,  Hamamatsu,  Japan),  a  camera  control  unit 
(Hamamatsu  Photonics  Inc.),  and  a  Pentium-based  per¬ 
sonal  computer.  Each  field  of  view  for  AR-stained  slides 
was  digitized  at  total  magnification  X1200  using  a  x40 
objective  (numerical  aperture,  1.3).  For  MIB-1-  and  PSA- 
stained  slides,  a  X20  objective  (numerical  aperture,  0.6) 
was  used  for  total  magnification  at  X600.  Twenty  images 
that  contained  -200  to  250  nuclei  at  XI 200  and  400  to 
500  nuclei  at  X600  provided  an  adequate  sample  size  for 
each  tumor  because  the  deviation  of  average  intensity 
values  of  randomly  chosen  immunopositive  areas  be¬ 
came  stable  (within  ±5%). 

Immunopositivity  and  immunonegativity  were  deter¬ 
mined  using  a  linear  discriminant  analysis  based  on  hue, 
saturation,  and  intensity  of  100  immunostained  cells  of  an 
intact  CWR22  specimen  and  100  cells  of  a  negative 
control  slide,  respectively.  The  positivity  for  AR,  Ki-67, 
and  PSA  was  defined  as  the  total  number  of  pixels  from 
immunopositive  areas  divided  by  the  total  number  of 
pixels  from  all  nuclear  areas  detected  in  a  given  speci¬ 
men. 

Differences  in  MOD  and  percentage  of  AR-,  Ki-67-, 
and  PSA-positive  cells  from  all  images  from  all  tumors  at 
various  time  points  were  evaluated  using  Wilcoxon  rank 
sum  tests.  Correlations  between  features  were  examined 
using  the  Pearson’s  product  moment  correlation  test. 
F-tests  were  performed  to  compare  the  variances  among 
samples.  Statistical  significance  was  achieved  if  P  < 
0.05. 

Western  Immunoblot  Analysis  of  AR 

Lysates  were  prepared  from  frozen  CWR22  tumors.  Tu¬ 
mor  tissue  (100  mg)  was  pulverized  in  liquid  nitrogen, 
thawed  on  ice,  and  mixed  with  1.0  ml  of  RIPA  buffer  with 
protease  inhibitors  (PBS,  1%  Nonidet  P-40,  0.5%  sodium 
deoxycholate,  0.1%  sodium  dodecyl  sulfate,  0.5  mmol/L 
phenylmethylsulfonyl  fluoride,  10  /x mol/L  pepstatin,  4 
/xmol/L  aprotinin,  80  /xmol/L  leupeptin,  and  5  mmol/L 
benzamidine).  Tissue  was  homogenized  on  ice  for  30 
seconds  using  a  Biohomogenizer  (Biospec  Products, 
Inc.,  Bartlesville,  OK).  Two  /x I  of  0.2  mol/L  phenylmethyl¬ 
sulfonyl  fluoride  were  added  and  homogenates  incu¬ 
bated  30  minutes  on  ice.  Homogenates  were  centrifuged 
at  10,000  x  g  for  20  minutes;  supernatants  were  col¬ 
lected  and  centrifuged  to  prepare  final  lysates.  Superna¬ 
tant  protein  (100  /xg)  from  each  sample  was  electropho- 
resed  in  12%  sodium  dodecyl  sulfate-polyacrylamide 
gels  and  electroblotting  to  Immobilon-P  membrane  (Mil- 
lipore  Corp.,  Bedford,  MA).  Immunodetection  used  AR 
mAb  F39.4.1  at  1:10,000  dilution.  Secondary  antibody 
(goat  anti-mouse  IgG  conjugated  to  horseradish  peroxi¬ 
dase;  Amersham  Corp.,  Arlington  Heights,  IL)  was  used 
for  detection  by  enhanced  chemiluminescence  (DuPont- 
NEN  Research  Products,  Boston,  MA). 
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Table  1. 


w 

Quantitation  of  Tumor  Volume  (cm3),  AR  Expression  (AR  MOD  and  %AR  Positivity),  Tumor  Cellular  Proliferation  (%Ki- 
67  Positivity),  and  PSA  Serum  Levels  (ng/ml)  and  Tissue  Expression  (%PSA  Positivity)  Measured  in  Androgen-Stimulated, 

.  i  rv  ■ _ i  _ i  n _ *  r'wm-n 


Days  after 
castration 

No.  of 
tumors 

Tumor 

volume 

AR  MOD 

%AR 

positivity 

%Ki-67 

positivity 

Serum  PSA 

%PSA 

positivity 

intact  CWR22 

12 

1.11  ±  0.94* 

0.26  ±  0.01* 

98.5  ±  0.2 

73.5  ±  4.4 

246.7 

±  55.3* 

17.4  ±  3.6 

Day  1 

2 

0.15  ±  0.10 

28.5  ±  7.4 

56.9  ±  7.5 

3.4  ±  1.0 

Day  2 

4 

0.81  ±  0.09 

0.16  ±0.08 

2.3  ±  5.5 

26.1  ±  5.6 

169.0 

±  53.7 

5.5  ±  2.8 

Day  4 

2 

0.11  ±0.09 

9.9  ±  8.6 

9.4  ±  8.1 

4.8  ±  1.1 

Day  6 

6 

0.72  ±  0.49 

0.15  ±  0.06 

62.7  ±  4.8§ 

0.8  ±  0.5 

109.9 

±  76.3 

5.6  ±  1.5 

Day  12 

6 

0.81  ±  0.27 

0.17  ±  0.06 

70.9  ±  4.9§ 

0.3  ±  0.3 

18.8 

±  10.8 

0.8  ±  0.9 

Day  32 

4 

0.64  ±  0.25 

0.17  ±0.11 

70.4  ±  7.3s 

0.1  ±  0.3 

5.6 

±  4.1 

0.6  ±  0.3 

Day  64 

2 

0.15  ±  0.05 

71.7  ±  12.2s 

0.4  ±  0.2 

1.1  ±  0.1 

Day  90 

4 

0.64  ±  0.30 

0.17  ±  0.05 

73.4  ±  6.5s 

0.8  ±  0.5 

11.1 

±  1.8 

1.5  ±  0.7 

Day  120 

4 

0.78  ±  0.37 

0.17  ±  0.03 

72.3  ±  8.4s 

3.3  ±  1.2 

21.3 

±  4. 111 

3.4  ±0.1" 

Recurrent  CWR22 

12 

1.63  ±  0.38 

0.26  ±  0.01’ 

72.1  ±  7.6s 

49.1  ±  7.4^ 

261.5 

±  123.0^ 

7.2  ±  1.3’ 

*AR  mean  optical  density  (MOD),  percent  AR  positivity,  percent  Ki-67  positivity,  serum  PSA  level,  and  percent  PSA  positivity  at  all  time  points  after 
castration  decreased  significantly  ( P  <  0.01)  compared  to  intact  CWR22  except  no  significant  differences  were  found  for  AR  MOD  in  recurrent  CWR22 
and  percent  AR  positivity  on  days  90  and  120  after  castration  compared  to  day  0  (P  >  0.05). 

tfumor  volume  and  serum  PSA  is  described  by  mean  ±  SD  and  therefore  the  data  for  time  points  containing  only  two  measurements  were  not 
□resented 

*The  image  analysis  data  for  all  nuclei  for  all  tumors  at  each  time  point  is  described  by  mean  ±  SD.  Each  tumor  is  represented  by  20  images 

containing  200  to  250  nuclei  for  AR  and  400  to  500  nuclei  for  Ki-67.  .  _ _  .  ,n 

^Percent  AR  positivity  on  days  6,  12,  32,  64,  90,  and  120  after  castration  and  upon  recurrence  increased  significantly  (P  <  0.001)  compared  to 

’Recurrent  CWR22  showed  a  significant  increase  in  AR  MOD,  percent  Ki-67  positivity,  serum  PSA  level,  and  percent  PSA  positivity  compared  to 

time  points  after  castration  (P  <  0.01).  ,  , 

"Serum  PSA  level  and  percent  PSA  positivity  on  day  120  after  castration  were  significantly  higher  than  on  day  90  after  castration  (P  <  0.05). 


Results 

Average  MOD  and  percentage  of  cells  expressing  AR 
(percent  AR  positivity)  were  determined  in  tumors  from 
CWR22-bearing  mice  before  and  after  castration  (Table 
1).  The  majority  of  nuclei  in  CWR22  tumors  from  intact 
nude  mice  (98.5  ±  0.2%)  showed  intense  staining  of  AR 
(MOD  was  0.26  ±  0.01)  (Figure  1).  On  day  1  after  cas¬ 
tration,  AR  MOD  decreased  and  remained  low  on  day  4 
after  castration  whereas  AR  percent  positivity  declined  to 
a  minimum  on  day  2  (2%)  and  remained  low  on  day  4 
(10%).  On  day  6  after  castration,  AR-positive  nuclei  in¬ 
creased  sixfold  to  63%  and  were  distributed  evenly 
throughout  all  tumor  sections.  AR  positivity  increased 
further  to  71%  on  day  12.  AR  MOD  decreased  to  a  low  of 
0.11  on  day  4  and  remained  low  at  0.15  to  0.17  on  days 
1 2  through  1 20  after  castration.  Recurrent  CWR22  tumors 
obtained  -150  days  after  castration  exhibited  lower  per¬ 
cent  AR  positivity  (72.1  ±  7.6%)  than  CWR22  tumors  from 
intact,  androgen-stimulated  mice  (P  =  0.03).  However, 
among  malignant  nuclei  expressing  AR,  MOD  was  similar 
(P  =  0.99)  in  the  original  CWR22  under  androgen  stim¬ 
ulation  and  recurrent  CWR22  in  the  absence  of  testicular 
androgens.  Immunostaining  of  CWR22  tumors  before 
and  after  castration  yielded  similar  results  when  the  poly¬ 
clonal  antibodies  AR-52  and  PG-21  were  used  instead  of 
AR  mAb  F39.4.1  (data  not  shown).  Western  blotting  (Fig¬ 
ure  2)  of  CWR22  tumor  lysates  revealed  similar  AR  levels 
in  androgen-dependent  and  recurrent  CWR22  tumors 
and  reduced  AR  levels  after  castration  until  tumor  recur¬ 
rence. 

The  number  of  cells  expressing  Ki-67  in  CWR22  tu¬ 
mors  before  and  after  castration  were  summarized  in 
Table  1 .  Ki-67  positivity  was  high  in  CWR22  tumors  from 
intact  nude  mice  (Figure  1),  decreased  gradually  on  days 


1  to  4  after  castration,  and  remained  at  low  or  undetect¬ 
able  levels  on  day  6  through  day  90  after  castration. 
Although  most  CWR22  cells  were  in  growth  arrest,  prolif¬ 
erating  cells  occurred  randomly  at  a  frequency  <1% 
beyond  day  6  until  day  120  when  multiple  foci  of  5  to  20 
proliferating  cells  were  detected  throughout  the  tumors 
(Figure  1).  Recurrent  CWR22  tumors,  compared  to  the 
original  CWR22  tumors,  exhibited  lower  cellular  prolifer¬ 
ation  (49.1  ±  7.4%,  P  =  0.006).  Mean  serum  PSA  levels 
(261.5  ±  123.0  ng/ml)  of  mice  bearing  recurrent  tumors 
(n  =  6)  increased  to  levels  similar  to  those  of  tumor 
bearing  intact  mice  (246.7  ±  55.3  ng/ml)  (Table  1). 

Foci  of  recurrent  cellular  proliferation,  as  indicated  by 
Ki-67  staining,  appeared  on  day  120  day  after  castration. 
When  these  proliferating  foci  were  immunostained  for 
PSA  expression  using  double-staining  immunohisto- 
chemistry,  positive  cytoplasmic  staining  for  PSA  was  ob¬ 
served  in  the  foci  that  contained  Ki-67-positive  cells  (Fig¬ 
ure  3).  Moreover,  the  appearance  of  proliferating  cells  on 
day  120  after  castration  was  associated  with  increased 
(P  =  0.01)  serum  PSA  levels  (24  ±  3  ng/ml)  compared  to 
day  90  after  castration  (1 1  ±  2  ng/ml). 

Recurrent  CWR22  tumors  showed  more  heteroge¬ 
neous  AR  positivity,  AR  MOD,  and  Ki-67  positivity  (Figure 
4;  A,  B,  and  C)  than  CWR22  tumors  from  intact  mice 
before  castration  (P-tests;  P  <  0.001,  0.05,  and  0.05, 
respectively).  Intertumor  heterogeneity  of  cellular  prolif¬ 
eration  in  recurrent  CWR22  was  reflected  in  serum  PSA 
levels  that  ranged  from  25  to  740  ng/ml  when  measured 
in  recurrent  tumor-bearing  mice.  Throughout  the  study 
period,  AR  MOD  showed  a  parallel  trend  with  Ki-67  pos¬ 
itivity  (r  =  0.64,  P  =  0.03)  and  PSA  levels  (r  =  0.77,  P  = 
0.02)  (Table  1).  In  addition,  Ki-67  positivity  was  highly 
correlated  with  PSA  levels  (r  =  0.90,  P  =  0.002). 


% 


Figure  1.  AR  and  Ki-67  immunohistochemistry  of  CWR22  tumors.  AR  ex¬ 
pression  was  similar  in  androgen-dependent  and  recurrent  tumors.  AR- 
positive  cells  decreased  to  a  minimum  on  day  2  after  castration.  Nuclear 
localization  of  AR  returned  on  day  6  after  castration  but  its  intensity  was 
lower  than  in  androgen-dependent  tumors.  Higher  percentages  of  AR-posi- 
tive  cells  with  lower  levels  of  AR-staining  intensity  were  recognized  on  days 
32,  64,  90,  and  120  after  castration.  Left:  AR  immunohistochemistry  (scale 
bar,  10  pm).  A:  CWR22  before  castration.  B:  Day  2  after  castration.  C:  Day  6 
after  castration.  D:  Day  120  after  castration.  E:  Recurrent  CWR22  — 150  days 
after  castration.  MIB-1  detection  of  the  Ki-67  nuclear  proliferation  antigen 
showed  similar  rates  of  cellular  proliferation  in  T-stimulated  and  recurrent 
tumors.  Proliferation  decreased  on  day  2  after  castration  and  reached  a  level 
that  was  barely  detectable  on  days  6  and  12  after  castration.  Proliferation  was 
detectable  as  small  nests  of  Ki-67-positive  cells  on  day  120  after  castration. 
Right:  Ki-67  immunohistochemistry  (scale  bar,  20  pm).  F:  CWR22  before 
castration.  G:  Day  2  after  castration.  H:  Day  6  after  castration.  Is  Day  120  after 
castration.  J:  Recurrent  CWR22  ~150  days  after  castration. 


Immunopositivity  of  PSA  was  highest  in  tumors  from 
intact  mice,  decreased  after  castration,  and  remained 
low  until  sometime  between  90  to  120  days  after  castra¬ 
tion  when  an  increase  was  noted  within  foci  of  proliferat¬ 
ing  cells.  Immunopositivity  of  PSA  was  significantly  cor¬ 
related  with  AR  MOD  (r  =  0.658,  P  =  0.028),  Ki-67 
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Figure  2.  Western  immunoblot  analysis  of  AR  protein  in  CWR22  tumors.  An 
AR  protein  of  110  to  114  kd  was  present  in  lysates  of  androgen-dependent 
CWR22  tumors  from  intact  mice.  AR  protein  decreased  after  castration  until 
tumor  recurred  ~150  days  after  castration.  AR  protein  levels  found  in  recur¬ 
rent  tumors  in  the  absence  of  androgens  were  similar  to  those  found  in  the 
original  androgen-dependent  tumors.  The  position  of  the  molecular  mass 
marker  (kd)  is  indicated.  This  experiment  was  performed  with  two  to  six 
different  tumors  at  each  time  point  with  similar  results. 

positivity  (r  =  0.773,  P  =  0.006),  and  serum  PSA  levels 
(r  =  0.818,  P  =  0.014). 


Discussion 

In  the  present  study,  the  temporal  relationship  between 
AR  expression  and  cellular  proliferation  was  investigated 
in  CWR22  CaP  xenografts  during  the  transition  from  an¬ 
drogen-dependent  to  recurrent  growth.  Reduced  AR  pro¬ 
tein  immunostaining  in  CWR22  tumors  after  castration 
was  similar  to  that  observed  in  ventral  prostates  of  cas¬ 
trated  rats  and  mice. 5,26,27  However,  on  day  6  after  cas¬ 
tration,  percent  AR  positivity  increased  several  fold  and 
remained  at  higher  levels  on  days  12,  32,  64,  90,  and 
120.  Although  AR  was  expressed  in  most  nuclei,  nuclear 
AR  staining  (MOD)  remained  relatively  low  throughout  the 
period  of  tumor  regression  after  castration.  Proliferation  of 
tumor  cells  ceased  by  day  6  after  castration  and  re¬ 
mained  at  low  to  undetectable  levels  through  day  90. 
Thus,  during  the  period  of  tumor  remission  after  andro¬ 
gen  deprivation,  nuclear  AR  levels  were  low  and  tumors 


Figure  3.  PSA  and  Ki-67  double  immunohistochemistry  of  22  tumors 
harvested  from  a  mouse  on  day  120  after  castration.  Tissue  PSA  expression 
was  visualized  with  diaminobenzidine  tetrahydrochloride  (cytoplasmic 
brown  staining,  white  arrows)  and  Ki-67  expression  was  visualized  with 
AEC  (dark  red  nuclear  staining,  black  arrows).  Counterstaining  was  done 
with  hematoxylin.  Proliferating  tumor  cells  emerged  from  the  same  foci 
where  PSA  was  expressed  (scale  bar,  20  ju,m).  Ki-67  immunostaining  from  the 
double  immunohistochemistry  showed  a  pattern  of  numerous  blobs  in  the 
nucleoplasm  rather  than  a  typical  uniform  nuclear  staining.  Protease  treat¬ 
ment  during  PSA  immunohistochemistry  may  have  degraded  Ki-67  protein. 
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Figure  4.  Comparison  of  heterogeneity  of  AR  expression  and  Ki-67  expres¬ 
sion  in  CWR22  specimens  from  intact  mice  and  on  recurrence  ~150  days 
after  castration.  A:  Mean  percent  AR  positivity.  B:  MOD  of  AR.  C:  Mean 
percent  Ki-67  positivity. 


remained  quiescent.  Agus  and  associates28  reported  in 
their  studies  of  cell-cycle  regulators  in  the  CWR22  xeno¬ 
graft  that  cellular  proliferation  assessed  using  Ki-67  and 
visual  scoring  fell  to  very  low  levels  by  day  10  after 
castration  and  remained  so  through  day  30  after  castra¬ 
tion.  The  percentage  of  cells  that  stained  intensely  with 
AR  mAb  (F39.4.1)  was  low  (10%)  on  days  3,  5,  7,  and  10 
after  castration  and  reached  the  level  of  intact  tumors  by 
day  25  and  thereafter.  The  difference  between  their  and 
our  reports  may  result  from  their  dependence  on  visual 
scoring  of  AR  immunostaining  or  their  use  of  higher  con¬ 
centrations  of  AR  mAb  (2  ju,g/ml)  that  may  have  increased 
nonspecific  staining.20 

In  recurrent  tumors  150  days  after  castration,  AR  ex¬ 
pression  and  cellular  proliferation  were  more  heteroge¬ 
neous  than  in  tumors  from  intact  mice;  recurrent  tumors 
exhibited  lower  percent-positive  nuclei  and  greater  vari- 


♦ 

ation  between  tumors  than  CWR22  tumors  from  intact 
mice.  However,  among  nuclei  immunostained  for  AR, 
there  was  no  difference  in  AR  MOD  between  intact  and 
recurrent  tumors.  Previous  studies  have  established  that 
AR  activation  subsequent  to  binding  of  androgen  results 
in  increased  nuclear  levels  of  AR,29  homodimerization  of 
AR,30  and  binding  of  AR  to  DNA  sequences  that  function 
as  enhancers  for  AR-induced  transcriptional  activa¬ 
tion.1'2'31  The  similar  levels  of  AR  expression  in  intact  and 
recurrent  tumors  suggests  that  nuclear  AR  may  be  sta¬ 
bilized  despite  the  absence  of  testicular  androgen  in 
recurrent  CWR22  by  a  ligand-independent  or  synergistic 
mechanism.  AR  activation  is  linked  closely  to  stabilization 
of  AR  protein;  binding  of  androgen  stabilizes  AR  causing 
it  to  have  a  slower  rate  of  degradation.32  AR  MOD,  by  its 
definition,  represents  a  mean  nuclear  staining  intensity 
relative  to  cytoplasm  20  Therefore,  increased  AR  MOD 
may  reflect  AR  activation.  Another  possible  mechanism 
of  increased  AR  expression  in  recurrent  CWR22  is  AR 
gene  amplification.  AR  gene  amplification  was  detected 
in  7  of  23  cases  of  recurrent  human  CaP  whereas  none 
was  detected  before  androgen-deprivation  therapy.33 
However,  AR  gene  amplification  in  recurrent  CWR22  tu¬ 
mors  was  not  detected  using  Southern  blot  analysis  and 
competitive  reverse  transcriptase-polymerase  chain  re¬ 
action  34 

Because  AR  was  expressed  in  a  lower  percentage  of 
cells  and  at  a  lower  MOD  in  those  cells  expressing  AR  on 
days  1  to  4  after  castration  and  AR  re-expression  oc¬ 
curred  on  gross  tumor  recurrence,  the  temporal  relation¬ 
ship  between  recovery  of  AR  expression  and  the  onset  of 
cellular  proliferation  should  provide  insight  into  the  role  of 
AR  in  CaP  recurrence  after  castration.  On  day  120  after 
castration,  when  recurrent  tumor  growth  was  indicated  by 
increased  serum  PSA  but  tumor  sites  did  not  yet  demon¬ 
strate  growth  grossly,  small  foci  of  tumor  cells  were  rec¬ 
ognized  in  harvested  samples  that  immunostained  for 
Ki-67  and  expressed  PSA.  These  findings  suggested 
these  foci  were  precursors  of  the  recurrent  CWR22  tumor 
that  appears  grossly  ~150  days  after  castration.  Two 
groups  of  investigators  have  reported  on  the  relationship 
between  serum  PSA  and  tumor  recurrence  after  castra¬ 
tion  in  the  CWR22  model.  Serum  PSA  increase  before 
gross  tumor  recurrence  in  the  CWR22  model  was  re¬ 
ported  first  by  Nagabhushan  and  associates.12  The  time 
course  of  these  events  cannot  be  compared  to  our  results 
because  they  performed  castration  at  higher  tumor  vol¬ 
umes.  Agus  and  associates28  castrated  CWR22  tumor¬ 
bearing  mice  at  tumor  volumes  similar  to  our  studies. 
They  reported  increased  serum  PSA  — 115  days  after 
castration  that  preceded  tumor  recurrence  recognized 
grossly  —20  days  later.  We  reported  previously  that  PSA 
is  one  of  several  known  androgen-regulated  genes 
whose  mRNA  was  expressed  at  increased  levels  in  re¬ 
current  CWR22  despite  the  absence  of  testicular  andro¬ 
gen.3  In  the  current  study,  these  RNA  findings  were  con¬ 
firmed  by  PSA  protein  quantitation  at  the  tissue  level.  PSA 
is  a  well  known  androgen-regulated  gene,35'36  however, 
other  factors  such  as  vitamin  D37  and  transforming 
growth  factor-0138  have  been  shown  to  be  involved  in 
transcriptional  regulation  of  the  PSA  gene.  One  or  more  of 


1 

* 


\ 


r  * 

*  V 

♦ 

these  same  factors  may  also  be  an  initiator  of  recurrent 
growth.  Nonetheless,  coincidental  increased  PSA  serum 
levels  and  tissue  expression  and  the  recurrence  of  tumor 
cellular  proliferation  might  be  caused  by  the  same  mech¬ 
anisms,  one  of  which  is  reactivation  of  AR. 

Understanding  the  mechanisms  driving  recurrent 
growth  is  one  of  the  most  important  issues  in  CaP  re¬ 
search.39-41  Because  AR  is  a  growth-stimulating  tran¬ 
scription  factor  in  CaP,  reactivation  of  AR  in  the  absence 
of  testicular  androgen  could  be  one  of  the  molecular 
events  that  initiates  cellular  proliferation  and  leads  to 
tumor  recurrence.  Several  mechanisms  have  been  pro¬ 
posed  for  activation  of  AR  in  the  absence  of  testicular 
androgen.  AR  mutations  that  alter  ligand  specificity  may 
influence  tumor  progression  subsequent  to  androgen  de¬ 
privation  by  making  AR  more  responsive  to  adrenal  an¬ 
drogens.  CWR22  cells  express  a  mutant  AR  (His  874  to 
Tyr)  that  has  normal  transcriptional  activity  in  response  to 
testosterone  and  dihydrotestosterone  but  has  altered  li¬ 
gand  specificity  making  it  more  sensitive  to  activation  by 
adrenal  androgens  including  dehydroepiandrosterone.13 
Alternatively,  a  ligand-independent  mechanism  might 
cause  transcriptional  activation  of  AR.  Protein  kinase  A 
and  C  modulators  might  activate  AR  in  the  absence  of 
ligand  by  altering  phosphorylation  of  AR42-45  or  AR  co¬ 
activators  46,47  Stimulation  of  PKA  activity  resulted  in  ac¬ 
tivation  of  the  N-terminal  domain  of  AR  in  LNCaP  cells.48 
Transfected  AR  was  reported  to  be  activated  by  insulin¬ 
like  growth  factor  I,  epidermal  growth  factor,  and  keratin- 
ocyte  growth  factor  in  DU-145  cells  and  PSA  was  in¬ 
creased  by  insulin-like  growth  factor  I  in  LNCaP  cells  49 
Overexpression  of  HER-2/neu  receptor  tyrosine  kinase 
was  reported  to  increase  expression  of  PSA  and  enhance 
growth  in  the  androgen-dependent  human  CaP  LAPC-4 
xenograft  50  These  effects  required  AR  expression  and 
seemed  to  occur  through  cross-talk  between  the  AR  and 
HER-2/neu  pathways.  We  reported  recently  that  high- 
level  expression,  increased  stability,  and  nuclear  local¬ 
ization  of  AR  in  recurrent  tumor  cells  were  associated  with 
increased  sensitivity  to  the  growth-promoting  effects  of 
dihydrotestosterone  at  concentrations  as  low  as  the  fem- 
tomolar  range  34  Additionally,  we  have  shown  that  high 
expression  of  transcriptional  intermediary  factor  2  and 
steroid  receptor  coactivator  1  in  recurrent  CaP  increases 
AR  transactivation  in  response  to  physiological  concen¬ 
trations  of  adrenal  androgens  or  other  steroids  with  affin¬ 
ity  for  AR.51  A  single  event  or  combination  of  events  that 
affect  AR  function  may  lead  to  recurrent  tumor  growth  in 
the  absence  of  testicular  androgen. 

The  re-expression  of  AR  and  known  androgen-regu¬ 
lated  genes  in  the  150-day  recurrent  CWR223,14,15  sug¬ 
gests  that  AR  reactivation  has  a  role  in  stimulating  recur¬ 
rent  tumor  growth.  AR  MOD  decreased  after  castration 
and  failed  to  increase  until  sometime  between  120  days 
after  castration  and  gross  tumor  recurrence.  At  the  120- 
day  time  point,  if  proliferating  cells  exhibited  increased 
AR  MOD,  their  rarity  would  preclude  detection  because 
<5%  of  malignant  cells  were  proliferating.  Quantitation  of 
antigens  using  double-staining  immunohistochemistry  is 
technically  difficult;  our  attempts  to  measure  AR  expres¬ 
sion  in  Ki-67-immunopositive  versus  immunonegative 
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cells  have  been  unsuccessful  thus  far.  However,  if  the  small 
foci  of  tumor  cells  on  day  120  after  castration  are  precursors 
of  recurrent  tumors,  direct  comparison  of  AR,  androgen- 
regulated  gene  products,  and  other  molecules  in  these  foci 
of  cellular  proliferation  versus  other  regions  of  the  tumor  may 
be  useful  to  evaluate  specific  mechanisms  driving  recurrent 
growth.  Further  study  of  this  transition  from  androgen-de- 
pendent  to  androgen-independent  growth  in  CWR22  may 
provide  valuable  insights  into  the  mechanism  of  androgen- 
deprivation  treatment  failure  in  patients. 
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